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ABSTRACT 
EFFECTS OF TRANSITION METAL DISSOLUTION AND DEPOSITION ON  
LI-ION BATTERIES: A MULTI-SCALE APPROACH 
by 
Yoon Koo Lee
 
In the past decade, lithium-ion (Li-ion) batteries have become increasingly 
important components in vehicle electrification due to their high power and energy 
density. However, Li-ion batteries exhibit degradations especially during long-term 
cycling or storage at elevated temperatures. One of the key degradation mechanisms of 
Li-ion batteries is transition metal dissolution of the cathode materials and deposition of 
transition metals onto the anode. Therefore, this dissertation investigates the fundamental 
physics underlying degradation mechanisms and presents effective solutions for 
minimizing metal dissolution and improving battery cell performance. Based on a series 
of experiments and numerical simulations, this dissertation 1) investigates manganese 
dissolution and deposition mechanisms, 2) predicts cell degradations, 3) presents an 
optimized ratio for composite electrodes, and 4) suggests approaches to reduce 
manganese dissolution. To obtain the results, a number of experiments were conducted to 
understand degradation phenomena and to provide input parameters for simulations. 
These experiments included 1) characterizations of both positive and negative electrodes, 
2) quantifications of the amount of dissolved and deposited manganese, and 3) 
electrochemical measurements of the cell behaviors. Multi-scale simulations were 
implemented on both the cell scale and the atomistic scale. Cell scale simulations were 
employed to predict the cycle life of battery systems. Atomistic scale simulations were 
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performed to investigate and subsequently minimize manganese dissolution. Moreover, 
comparisons between experiments and cell scale simulations were conducted to gain an 
advanced understanding of degradation mechanisms and to validate the simulations.  
The current study found that both active material loss and electrode degradation 
due to manganese dissolution critically influence the performance of the cathode. 
Moreover, by depositing onto the anode, dissolved manganese ions accelerate the 
formation of the decomposed layer and continuously cause capacity fade. These results 
suggest that reducing manganese dissolution is necessary to improve battery capacity and 
cell performance. Finally, the current study suggests several effective solutions for 
minimizing and preventing manganese dissolution. These solutions include 1) 
optimization of the composition ratio in composite cathode and 2) surface treatments 
such as changing surface orientations and doping elements. Optimized composition ratio 
among active material, carbon black, and PVDF binder in LiMn2O4 composite electrode 
was found to be the important factor that maximizes the battery performance. Moreover, 
Mn dissolution from LiMn2O4 structures is strongly correlated with the electronic 
properties and bonding properties of the structure‘s Mn-O bonds. In turn, these properties 
of Mn-O bonds were changed with different surface orientations and element doping, 
which suggests that changing surface orientations and doping elements effectively 
prevent Mn dissolution. 
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 CHAPTER 1
INTRODUCTION 
1.1 Lithium ion rechargeable battery-solution to future energy and environmental 
problems 
As the number of vehicle on the road increases, global climate change and 
environmental impact become more critical. Gas emissions from automotive vehicles are 
believed to be one of the main factors of the rise of global temperatures and air pollution. 
In 2012, petroleum-fuel-powered vehicles contributed about 28% of the U.S. carbon 
dioxide (CO2) emissions in the transportation sector as shown in Figure 1.1 [1]. One 
primary solution to reduce the gas emissions from transportation is to electrify 
automotive drivetrains. Electric vehicles on the road would help to decrease the emission 
of greenhouse gases and our dependence on petroleum-based fuels.  
An electric vehicle is defined as any kind of vehicle with an electric powertrain, 
such as the Hybrid electric vehicle (HEV), the plug-in hybrid electric vehicle (PHEV) 
and the all-electric vehicle (EV). Electric vehicles are becoming more popular because 
they are more environmentally friendly, more energy efficient and more fuel efficient 
than petroleum-fuel-powered vehicles. For example, Figure 1.2 shows the actual and 
projected increase in production of battery-powered electric vehicle and demand for 
lithium by 2020. According to Deutsche Bank [2], the sales of battery-powered electric 
vehicles are expected to increase 10 times from 2008 to 2020. Because it is expected that 
most electric vehicles will be using Lithium-ion batteries, demand for Lithium is 
projected to increase exponentially by 2020. Both the sales portion of electric vehicles 
using lithium ion battery and lithium demand for electric vehicle are expected to increase 
significantly. In 2010, 96% of all hybrids available on the world market still run on nickel 
metal hydride batteries [3] because these batteries are relatively inexpensive and durable.  
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Figure 1.1 Total U.S. Greenhouse Gas Emissions by Economic Sector in 2012 [1] 
 
 
 
Figure 1.2 Electric vehicle production and lithium demand for electric vehicle batteries, 
from year 2008 to 2020 [3] 
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However, Lithium ion battery will likely replace nickel metal hydride batteries because 
of their higher energy density, higher power density and relatively longer service life. In 
fact, it is projected that in 2020, all PHEVs and EVs, and 70% of HEV will likely run on 
lithium-ion batteries. [3] 
Despite their high energy density, power density and relatively long service life, 
Lithium-ion batteries must be improved and their cost reduced before they will be widely 
used as the main source of power in automotive vehicles. For example, the Department of 
Energy (DOE) sets specific goals that a plug-in hybrid electric vehicle (PHEV) must 
meet before they can be used more widely. The DOE challenge the industry to make a 
plug-in hybrid electric vehicle that has a range of 40 miles and a lifespan of 15 years. 
Figure 1.3 shows the performance of lithium ion batteries in 2011 compared to the target 
performance prescribed by the Department of Energy (DOE) goals. Figure 1.3 shows that 
Lithium-ion batteries perform inadequately in five of eight areas: cost, energy density, 
cycle life and calendar life, which means that in these areas of performance, lithium ion 
batteries need to be improved considerably.  
 Energy density 1.1.1
The energy density of lithium ion batteries may be increased through the use of 
advanced anode and cathode materials. Figure 1.4 shows advances in energy density of 
different battery types. Energy density of lithium ion battery continuously increased 300% 
from year 1995 to 2005. By contrast, the energy densities of Ni-Cd and Ni-MH batteries 
have flattened off in 1995 and 2000, respectively and have not increase since. Moreover, 
the energy density of lithium ion battery is 310% and 177% larger than Ni-Cd and Ni-H 
battery, respectively.  
However, the energy densities of lithium ion batteries are still not sufficient to be 
used widely as the main source of power in automotive vehicles. Table 1.1 shows electric 
vehicles with battery type and driving range in 2010. Driving distances of the most 
electric vehicles are less than 100miles. The popularity and application of battery 
powered cars will rapidly increase if electric vehicles can offer 200 to 300 miles on a 
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single charge. Therefore, energy density should be improved in order to increase the 
driving range without adding more batteries in electric vehicles.  
 
Figure 1.3 Current lithium ion battery technology (as of 2011) relative to PHEV targets 
(blue line) [4]. 
 
 
Figure 1.4 Advances in energy density of selected battery types, by year [5] 
   
5 
 
 
 
 
Table 1.1 Electric vehicles with battery type and driving range (2010) [6] 
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 Safety 1.1.2
Lithium ion batteries are not as safe as other rechargeable batteries because of 
their high energy density. Several factors could cause a lithium ion battery to explode, 
including short-circuiting and overcharging. During several charge/discharge cycles, 
some of the lithium ions form lithium metal deposits called ‗dendrite‘ which is highly 
reactive. An electric current passing through these dendrites can short-circuit the battery, 
causing it to rapidly overheat and overcharge. When lithium ion batteries are short-
circuited or overcharged, they can catch fire or explode. Moreover, chemicals that are 
used in lithium ion battery are also toxic to humans and the environment. Therefore, in 
order for lithium ion batteries to be used more widely, further safety measures and 
treatments need to be developed for vehicle use.  
 Cost reduction 1.1.3
The cost of Lithium ion battery is still relatively high. Currently, lithium-ion batteries 
cost about $1,000/KWh. However, the DOE‘s goal is to reduce the cost down to 
$150/KWh, which needs to be further improved. 
 
 Cycle life and calendar life 1.1.4
Batteries are required to have reliable durability for deep cycles to keep longer 
life. Vehicle companies are aiming to develop lithium ion batteries with a guaranteed five 
year or 100,000 kilometer driving distance. However, as the cycle number increases, 
battery capacity also decreases rapidly. To further improve battery cycle life and calendar 
life, research related to capacity fade mechanism is active within the Li-ion battery 
research. 
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1.2 Lithium ion battery functions, components and materials 
Figure 1.5 shows the electrochemical reactions within a lithium ion cell. A 
Lithium-ion cell consists of four main components: the positive electrode (cathode), the 
negative electrode (anode), electrolytes and the separator. During the discharge process, 
lithium ions are extracted from the anode (deintercalation) and inserted into the cathode 
(intercalation). Electrons are also moved through the external circuit from the anode to 
the cathode. These reactions occur spontaneously due to the voltage difference between 
two electrodes during the discharge process. During the charge process, lithium ions 
move in opposite directions. External current must be applied to move lithium ions and 
electrons during the charge process. In order to prevent short circuits by external currents, 
separators are placed in between cathode and anode. Electrolyte passes the lithium ion 
from one electrode to the other through the separator. Detailed lithium ion battery 
components, functions and materials can be found in Table 1.2. 
Graphite is commonly used as the negative electrode of a Lithium-ion cell. 
Because graphite can reversibly place lithium ions between its many layers, it is also 
called lithium intercalation compound. It also has high energy densities with relatively 
low cost. On the other hand, transition metal oxide powders, such as LiCoO2, LiNiO2, 
LiMn2O4, LiFePO4 and Li(Ni1/3Co1/3Mn1/3)O2 are used as the positive electrode of a 
Lithium-ion cell. These transition metal oxides contain transition metals which possess 
two or more oxidation state, which make them as lithium intercalation compounds. The 
lithium ions are transported to and from the positive or negative electrodes by oxidizing 
and reducing the transition metal in a lithium ion cells. For example, manganese (Mn) 
ions in LixMn2O4 oxidizes from Mn
3+
 to Mn
4+
 during charge (lithium deintercalation), 
and reduces from Mn
4+
 to Mn
3+
 during discharge (lithium intercalation).  
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Figure 1.5 Charge/Discharge mechanisms of a lithium ion battery 
 
 
 
Table 1.2 Lithium ion battery components, functions and materials 
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1.3 Lithium ion battery degradations- transition metal dissolution 
Lithium intercalation compounds have become one of the most important 
components in vehicle electrification due to their high power density and energy density.  
However, these lithium intercalation compounds exhibit degradations especially during 
long-term cycling or storage at elevated temperatures. The degradation of the battery 
materials significantly reduces the capacity and power of the battery, which result in and 
decrease in performance and lifespan of the battery.  In order to improve the performance, 
cycle life and calendar life of battery, understanding and preventing these degradation 
mechanisms are critical. 
Degradation of batteries involves several chemical and physical processes of the 
components within the battery cell. The overview on basic degradation mechanisms of 
cathode materials is shown in Figure 1.6. Degradation of cathode materials includes 
transition metal dissolution, surface layer formation, micro cracking, contact loss to 
conducive particles, structural disordering and so on. [7-10]. To further improve battery 
performance, cycle life and calendar life, degradation of the battery should be understood 
and minimized. 
Among the various degradation mechanisms, one of the key degradation 
mechanisms of Li-ion batteries involves transition metal dissolution of the cathode 
materials [11, 12]. Figure 1.7 shows the amount of transition metal dissolution of various 
lithium intercalation compounds. Among the various transition metals (Mn, Ni, Co, Fe, 
Zn), manganese showed the largest amount of dissolution in the lithium intercalation 
compounds [13]. Accordingly, substantial efforts have been made in previous studies to 
reduce manganese dissolution and improve battery performance among various cathode 
materials. 
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Figure 1.6 Overview on basic degradation mechanisms of cathode materials[10] 
 
 
Figure 1.7 the amount of transition metal dissolution of various lithium intercalation 
compounds 
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Manganese dissolution can be attributed to several possible mechanisms. 
Manganese disproportionation reactions (2Mn
3+
 → Mn4+ + Mn2+) become faster in the 
discharged state, where Mn
2+
 ions can dissolve into the electrolyte [14]. Manganese ions 
also dissolve into the electrolyte when acids, generated by side reactions, attack the 
LiMn2O4 material. Acids such as hydrogen fluoride (HF) can be generated by two major 
side reactions: electrolyte oxidation and salt decomposition. Electrolyte oxidation 
produces hydrogen ions to form HF at voltages greater than 4.1V [15]. Salt 
decomposition generates hydrogen ions through the interaction of water and LiPF6 salt in 
the electrolyte. These reactions are coupled with one another and cause capacity decrease, 
especially during cycling. The solubility of manganese ions also increases as a result of 
phase transformations in high or low voltage regions during cycling [16]. As the 
manganese ions dissolve into the electrolyte, several corresponding phenomena occur, 
including structural instability, the loss of active material, and an increase in contact 
resistance. All of these mechanisms are directly related to capacity fading in the LiMn2O4 
electrode material.  
Moreover, dissolved manganese ions are deposited onto the graphite anode and 
can deplete the lithium in the graphite anode [17]. Owing to manganese deposition onto 
the graphite, inserted lithium ions are taken out from the graphite electrode; consequently, 
overall capacity is decreased. It was reported that there was a close relationship between 
the amounts of deposited manganese and capacity fade as a function of temperature and 
storage time [18]. The accumulation of manganese at the electrode surface was confirmed 
by different measurement techniques such as XPS (X-ray photoelectron spectroscopy) 
[19], SIMS (secondary ion mass spectrometry) [20], ICP-OES (Inductively Coupled 
Plasma – Optical Emission Spectroscopy) [21] and EPM (Electron probe microanalysis) 
[21]. Several studies, however, show that lithium deintercalation due to manganese 
deposition cannot entirely explain capacity decrease. There must be accompanying side 
reactions related to manganese deposition—this is critically responsible for the capacity 
decrease of the graphite electrode [18, 21, 22]. In addition, Electrochemical Impedance 
Spectroscopy (EIS) [19] and Cyclic Voltammetry (CV) [19, 22] were applied to observe 
side reactions originating from manganese deposition. From these observations, it was 
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proposed that additional manganese contained passivation layers similar to the SEI layers, 
which are produced on the surface of the graphite with the decomposed electrolyte 
products. 
In turn, dissolved manganese ions not only deposit onto the negative electrode [12, 
17-26], but also re-deposit onto the cathode surface and form electrically insulating 
oxides (Mn-O) or fluorides (Mn-F) [10, 27]. For example, these Mn-O and Mn-F 
compounds were detected on the surface of LiMn2O4 positive electrode using XPS after 
cycling [27]. In particular, it was observed that Mn-F compounds generated at later stage 
of the storage were highly resistive and led to cell polarization. These findings suggest 
that the manganese compounds on the cathode surface layer critically reduce the stability 
of LiMn2O4 spinel cathodes [10, 12, 27-31].  
The objective of this work is to study the degradation of lithium ion batteries, 
particularly those with manganese containing cathode electrodes. In order to maximize 
the battery utilization and performance, manganese dissolution and deposition 
mechanisms should be fully analyzed. Manganese dissolution and deposition 
continuously decrease the active material and cycle-able lithium in the cell, respectively. 
In addition, cycling the battery cell creates several side reactions that are coupled with 
one another to make the reactions more complicated. For instance, HF generated by 
electrolyte oxidation attacks the active material and causes manganese dissolution. 
Deposited manganese ions on the graphite not only consume cycle-able lithium but also 
interact with SEI layer to make the layer thicker, which consequently result in 
degradation of the battery performance. Since side reactions caused by manganese 
dissolution/deposition impacts the battery performance in various ways, the current study 
employed multiple complementary measurements in various experimental conditions. 
Moreover, to predict the impact of manganese dissolution and deposition effect in two 
different operating conditions, electrochemical pseudo 2D model was implemented with 
important parameters from the experiment results. 
The current study also aimed to expand its scope to composite electrode by 
including conductive additives and polymer binder. Composite electrode is the most 
widely used format of battery electrode in current industry. While LiMn2O4 cathode 
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material provides high potential and high gravimetric energy densities (120~148 W h/kg), 
both polymer binder and conductive additives are used to maintain a firm structure and to 
provide continuous conduction path. Composition ratio among active material, binder, 
and additive materials of composite electrode influences interfacial reactions and side 
reactions, which are key factors in determining battery performance. In order to optimize 
the battery performance, optimal ratio of these constituents should be determined. 
Lastly, in order to improve the battery performance, the current research 
investigates the effect of surface orientations and doping on the dissolution of Mn ions 
from LiMn2O4 structure using a first principle calculation. Our research aims to 
understand the reason why certain surface orientations and element doping is more 
beneficial to prevent manganese dissolution. By comparing electronic properties and 
structures with different surface and doping, manganese dissolution mechanisms and 
their prevention can be further understood. 
In sum, the main purpose of this research is 1) to investigate manganese 
dissolution and deposition mechanisms, 2) to predict cell degradations, 3) to present 
optimized ratio for composite electrodes, and 4) to present guidance to reduce manganese 
dissolution. 
1.4 Scope and outline of the dissertation 
In Chapter 2, both experiment and simulation were applied to a system that 
excludes side reactions coupled with the anode materials to understand the reactions and 
degradations of LiMn2O4 composite cathode electrode. In order to develop a simulation 
tool capable of precisely predicting the degradation behavior of these batteries, accurate 
experimentally determined input parameters were essential. Thus, key parameters, 
including surface area, conductivity, and active material dissolution rate, were measured 
and used in a physics-based model that includes the most important degradations 
mechanisms: manganese dissolution, manganese deposition/re-deposition, solvent 
oxidation, salt decomposition, film formation, lithium reversibility, and lithium diffusion 
retardation. The current study observed that both active material loss due to degradation 
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mechanisms and parameter changes due to degradation of the electrode critically 
influence cell performance. 
Chapter 3 focuses on the side reactions occurred on graphite anode surface caused 
by manganese deposition. A Li/graphite composite electrode half-cell with dissolved 
manganese ions was used to investigate manganese deposition in order to focus on the 
degradation of graphite anode. Several electrochemical measurement techniques, such as 
CV, EIS, SEM, EDS and cycling testing, were employed to investigate how manganese 
ions influence the graphite electrode in terms of cell performance and capacity retention. 
Also, the interactions between SEI layer and manganese ions as well as the relationship 
between the lithiation-status of graphite and manganese deposition were examined by 
preparing different conditions of graphite electrode samples.  
In Chapter 4, focuses are moved from LiMn2O4 materials to composite electrode 
by considering the effect of conductive additives and polymer binder. Effects of these 
components of LiMn2O4 composite electrode and their impacts on battery performance 
were investigated. Numerical simulation was conducted using updated simulation 
parameters with different composition ratio among active material, carbon black and 
PVDF binder in LiMn2O4 composite electrode. 
In Chapter 5, the effect of surface orientations and doping on the dissolution of 
Mn ions from LiMn2O4 structure were investigated to prevent manganese dissolution 
using first principle calculations. Our research aims to understand the reason why certain 
surface orientations and element doping is more beneficial to prevent manganese 
dissolution. By comparing electronic properties and structures with different surface and 
doping, manganese dissolution mechanisms and their prevention can be further 
understood. The calculation results were validated and compared with previous 
calculation and experiment results. 
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 CHAPTER 2
EXPERIMENT AND SIMULATION STUDY OF LiMn2O4 CATHODE 
DEGRADATION IN Li-ION BATTERY SYSTEM 
Rechargeable batteries that use lithium intercalation compounds as the cathode have 
been extensively studied during the past decade. Spinel LiMn2O4 is one of the most 
widely used cathode materials in lithium ion battery systems because it offers the 
advantages of low cost, environmental friendliness, high electronic/ionic conductivity, 
excellent rate capability and safety. However, batteries that use spinel LiMn2O4 as a 
cathode material exhibit significant capacity fading, especially during long-term cycling 
or storage at elevated temperatures. Several mechanisms of capacity fading have been 
proposed in previous studies [1-4]. The dissolution of manganese is one of the most 
important causes, especially at elevated temperatures [5, 6].  
Accordingly, previous simulation research has focused on manganese dissolution 
and deposition mechanisms to describe the degradation of battery performance. Park et al. 
[7] established mathematical models to predict the capacity fade resulting from 
manganese ion disproportional reactions. The reaction rate constant and the activation 
energies of manganese disproportionation reactions used in the model were obtained 
through experiments conducted under open circuit potential conditions using a particle 
electrode [8]. Park et al. suggested that disproportional reactions cause active material 
loss as well as a decrease in effective transport properties, which lead to capacity fade. 
Dai et al. [2] proposed a mathematical LiMn2O4/lithium half-cell model that also 
considered major side reactions, such as electrolyte oxidation, salt decomposition, 
manganese dissolution from acid attacks, and manganese deposition mechanisms. Lin et 
al.[9] also proposed side reactions that are coupled within a LiMn2O4/graphite full-cell 
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model; these key degradation mechanisms include SEI layer formation, manganese 
dissolution and manganese deposition. Further, Lin et al. [9] proposed an explanation for 
why consecutive side reactions generate by-products, such as manganese ions, hydrogen 
ions and water molecules, that  also leads to the loss of cycle-able lithium and active 
material.  
The current study builds on these previous findings and expands our 
understanding of electrode degradation by investigating additional parameter changes 
caused by dissolved manganese ions. CV, EIS, and the capacity test were used to assess 
the effect of dissolved manganese ions on the performance of the LiMn2O4 positive 
electrode. In addition, key parameters such as the surface area, electronic conductivity, 
and the amount of manganese ions were measured and included in our simulations in an 
effort to better understand these phenomena. The current study considers both side 
reaction mechanisms and the degradation of the electrode to account for overall changes 
in the performance of the cathode electrode. The most important contribution of the 
current study is a comparison of the experimental results with those of the simulation. In 
particular, this study compares the degradation of the electrode and the changes in cell 
behavior using both experiment and simulation results. 
2.1 Method 
 Experimental method 2.1.1
2.1.1.1  Fabrication of the LiMn2O4 composite electrode. 
The positive LiMn2O4 composite electrodes were made from stoichiometric spinel 
LiMn2O4 powder (Sigma-Aldrich), carbon black, and PVDF binder (Kureha KF 7208) in 
a weight ratio of 90:5:5. LiMn2O4 powder and carbon black were added to the PVDF 
binder and mixed with Speedo Mixer (FlackTek Inc.) for 10 min. The mixed slurry was 
coated onto thin aluminum foil and vacuum dried at 100 °C for 24 h.   
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2.1.1.2 Conductivity measurements. 
The conductivity of the composite electrode was measured using the four-point 
probe method. Mixed slurries of composite electrode were pasted onto a non-conductive 
glass substrate, and then dried in a vacuum at 100 °C for 24 h.  A four-point probe DC 
method was applied to the composite electrode directly on the glass substrate using an 
EC-lab VMP3 Biologic potentiostat.  
2.1.1.3 Surface area measurements. 
The Brunauer–Emmett–Teller (BET) method was used to determine the surface 
area of the composite electrode. The surface area of the porous electrode was determined 
by:  
   (2.1) 
where Wm is the number of adsorbed molecules required to cover the solid with a layer of 
adsorbed molecules, NA is the Avogadro constant, Ax is the cross-sectional area of the 
adsorbed molecule and MA is the molar mass of the adsorbed molecule. For detailed 
calculation of conductivity measurement and surface area measurements, see the 
appendix. 
2.1.1.4 Coin cell assembly and disassembly. 
LiMn2O4 composite electrodes were assembled into sealed 2032 type coin cells 
(MTI) with lithium foil (Alfa Aesar) counter and reference electrodes with a separator 
(Celgard 2320).To investigate the direct impact of manganese ions on the LiMn2O4 
composite electrode, the desired concentrations of manganese were dissolved in the 
electrolyte in advance. The target concentrations of manganese were obtained by 
dissolving Mn(PF6)2 at concentrations of 50, 100, 150 or 200 ppm in an electrolyte 
composed of 1M LiPF6 salt (Aldrich) in a 1:1 mixture (v/v) of ethylene carbonate (EC) 
and dimethyl carbonate (DMC). Exact concentrations of manganese in the electrolyte 
were measured by using inductively coupled plasma–optical emission spectroscopy (ICP-
OES). 
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2.1.1.5 Electrochemical measurements. 
CV, capacity, and EIS measurements were performed to measure the impact of 
the manganese on the LiMn2O4 composite electrode. By using LiMn2O4 electrodes and 
different concentration of manganese in the electrolyte, LiMn2O4/lithium half cells were 
constructed to isolate the effect of the dissolved Mn-ion on the cathode side. 
CV was applied to the Li/LiMn2O4 composite electrode to measure redox currents 
and current peak changes immediately following the addition of different concentrations 
of manganese. CV was carried out at 0.5 mV/s between 3.0V and 4.5V for Li/LiMn2O4 
cell. Interfacial currents and current peak changes were measured during the formation 
cycles. Capacity was measured using Li/LiMn2O4 cells from 3.5 V to 4.3 V with C/10 for 
20 cycles. EIS measurements were performed to measure impedance changes due to the 
different concentrations of manganese and to different potentials of the 
electrode/electrolyte interface. EIS measurements were performed at different voltages 
(3.5, 3.7, 3.9, 4.1 and 4.3V) with each of the manganese concentrations (0, 50, 100, 150 
and 200 ppm) in the electrolyte. To achieve stabilized potentials before conducting EIS 
measurements, the cells were rested in the open circuit voltage (OCV) condition for 2 h. 
AC impedance spectra were obtained by applying sinusoidal waves with amplitudes of 5 
mV over frequencies ranging from 100 kHz to 10 MHz. 
2.1.1.6  Effective diffusion coefficient at the LiMn2O4 cathode, calculated using the EIS 
spectra of LiMn2O4/Li half-cell configurations 
In the low-frequency region of the EIS spectrum, [10] 
   (2.2) 
and δ is expressed as  
   (2.3) 
where ω is the Warburg impedance, is the Warburg prefactor,  is the molar volume 
of the electrode, is the open circuit potential, is the intercalation level, is the 
charge number, is Faraday‘s constant,  is the effective surface area,  is the 
mass of the active material and  is the diffusion coefficient.  The effective diffusion 
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coefficient of the cathode electrode can be calculated using an OCV curve, the surface 
area of the electrode, and the EIS spectrum, applying equation (2.3).  
2.1.1.7  ICP-OES measurements. 
2.1.1.7.1 Dissolution and Deposition of Manganese due to Storage 
LiMn2O4 composite electrodes were stored in 1mL of a 1.0 M solution of LiPF6 in 
a 1:1 (v/v) mixture of EC and DMC to measure the dissolution of manganese. The 
positive composite electrodes were stored in the centrifuge tube at 0 °C, 25 °C and 40 °C 
to observe the effect of temperature. Storage times were 1, 2, 3, 4 and 5 weeks. Five 
samples of each combination were measured.  Three samples of LiMn2O4 powder in the 
separator were also stored in 1 mL of 1.0 M LiPF6 in EC: DMC (1:1, v/v) for 1 week to 
compare the dissolution effect of composite electrodes and powder.  
2.1.1.7.2 Dissolution due to cycling using an electrochemical cell 
The concentration of manganese in the electrolyte was also measured to observe 
dissolution after a series of cycles. Initial formation cycling was performed 5 times before 
the actual cycling. The C rate for the formation cycles was C/10 and the C rate for 
cycling was C/5. The LiMn2O4 composite electrode/lithium cell was cycled from 3.5 V 
to 4.3 V using a Biologic VMP3 cycler. After cycling, the cell was disassembled and 
ICP-OES measurements were conducted to measure the concentration of manganese in 
the electrolyte. 
 Simulation method 2.1.2
2.1.2.1 Side reaction-coupled electrochemical modeling. 
The battery cell model used in this study had the same configuration as the cells 
used in the experimental work. These cells consisted of a LiMn2O4 composite electrode, 
lithium foil, a separator and 1M LiPF6 in EC: DMC (1:1, v/v), as shown in Figure 2.1. 
Experiments were carefully designed to investigate the degradation of the cathode 
material (cathode limiting cell). The modeling work also focused on the reactions and 
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degradation of the cathodic side, thus a Li/LiMn2O4 half-cell model was also used in the 
simulation. Table 1 shows the parameters and constants of battery used in the simulations. 
 
Figure 2.1 A schematic diagram of research outline of experiments and simulations 
 
parameter value parameter value 
initial electrolyte 
phase concentration 
1000 mol/m
3
 solid phase electronic 
conductivity 
29.57 S/m 
initial maximum 
solid phase concentration 
22730 mol/m
3
 Gas constant 8.314 J/mol K 
initial solid phase 
diffusion coefficient 
1.31×10
-12
 
m
2
/s transference number 
0.363 
electrolyte activity 
coefficient 
1 temperature 298 K 
Faraday‘s constant 
96487 C 
equiv
-1
 
anode transfer 
coefficient 
0.5 
Applied current 
density 
3 A/m
2
 cathode transfer 
coefficient 
0.5 
length of positive 
electrode 
50×10
-6
 m initial volume fraction of 
positive electrode 
0.297 
length of separator 50×10
-6
 m porosity of electrolyte 0.444 
reaction rate constant 
of Li ion on Li metal 
6.1e-6 A/m
2
 Initial electrode SOC 0.99 
reaction rate constant 
in the positive electrode 
1e-5 A/m
2
 Initial voltage 3.6 V 
,0ec
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,max0sc R
0
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D  0t
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posL 0pos
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Table 2.1 Key parameters of cathode electrode in the simulations 
 
 
parameter value parameter value 
initial H
+
 ion 
concentration 
4 mol/m
3
 
reaction rate constant of Mn 
dissolution 
4.1×10
-12
 
m/s 
initial H2O ion 
concentration 
4 mol/m
3
 
reaction rate constant of 
Mn deposition 
1.3×10
-9
 
Am/mol 
initial Mn
2+
 ion 
concentration 
0 mol/m
3
 
reaction rate constant of 
Mn re-deposition 
1.3×10
-9
 
Am/mol 
adjust factor of diffusion 
coefficient of  Li ions 
0.12 
equilibrium potential of 
the H
+
 deposition 
2.5V 
diffusion coefficient 
of H
+
 ions 
5×10
-9
 m
2
/s 
equilibrium potential of 
the Mn deposition 
1.5 V 
diffusion coefficient 
of H2O
 
molecules 
3×10
-9
 m
2
/s 
equilibrium potential of the 
solvent oxidation reaction 
4.2 V 
diffusion coefficient 
of Mn
2+
 ions 
0.72×10
-9
 
m
2
/s 
anodic transfer coefficient 
of the solvent oxidation 
0.01 
reaction rate constant 
of salt decomposition 
7.13 ×10
-10
 
m
6
/mol
2
s 
cathodic transfer 
coefficient of Mn
2+
 deposition 
0.5 
reaction rate constant 
of hydrogen deposition 
2.07×10
-8
 
Am/mol 
cathodic transfer coefficient 
of H
+
 deposition 
0.5 
current generated 
due to solvent oxidation 
10 A/m
3
 
anodic transfer 
coefficient of the solvent 
oxidation 
0.01 
 
Table 2.2 Side reaction parameters of the battery in the simulations 
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The major reactions considered in this study were solvent oxidation, salt 
decomposition, hydrogen reduction, manganese dissolution, manganese deposition and 
manganese re-deposition. 
There are two major reaction mechanisms by which manganese dissolves into the 
electrolyte. Trivalent manganese ions disproportionate into divalent manganese ions and 
tetravalent manganese ions, [11-13], as described by the reaction: 
   (2.4) 
Mn
2+
 ions dissolve in the electrolyte, which causes active material loss and 
additional reduction on both electrodes. This reaction is accelerated when the portion of 
Mn
3+ 
is high, especially in the discharged state. Active material loss can be described as a 
volume change of the electrode: 
   (2.5) 
where Xa stands for the ratio of the initial and dissolved masses of manganese, defined as:   
   (2.6) 
where  is the amount of dissolved manganese and  is the initial mass of the active 
material.  
Acid attack on the active material is also responsible for manganese dissolution. 
The reaction is described [14-16] by the equation: 
   (2.7) 
The reaction rate of manganese dissolution due to acid attack can be expressed as  
   (2.8) 
 
where  is the reaction rate constant of Mn dissolution due to acid attack and is the 
concentration of hydrogen ions.  
Jang et al. [17] observed that manganese dissolution accelerated when storing the 
electrode at higher voltage, compared to rate during storage at lower voltage. They 
3 4 2Mn Mn Mn   
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i
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explained that the dependence of manganese dissolution on the potential arises from 
solvent oxidation on the positive electrode. Solvent decomposition generates hydrogen 
ions and electrons, which can be expressed [15, 18, 19] as: 
   (2.9) 
The rate of solvent decomposition [19], which is an irreversible reaction, can be 
described using the Tafel equation: 
   (2.10) 
where
 
 is the current density used to generate side reactions,  is the anodic 
transfer coefficient of the electrolyte decomposition reactions,  is Faraday‘s constant, 
 is the universal gas constant and  is the temperature. The parameter is the 
overpotential of the decomposition reaction, which can be described as  
   (2.11) 
The rate of the solvent decomposition reaction can be described as follows: 
   (2.12) 
where
 
is the potential of the solvent oxidation reaction and  and   are the 
potentials of the solid phase and electrolyte, respectively. 
Decomposition of the electrolyte containing LiPF6 salt produces H
+
 ions. LiPF6 
initially decomposes as follows: 
   (2.13) 
and then PF5 reacts with water to form HF: 
   (2.14) 
The rate of the LiPF6 decomposition reaction is given by: [20, 21] 
   (2.15) 
Since the concentration of PF5 is relatively high, the water content of the cell 
governs the rate of reaction (2.14). However, sine water is produced by the attack of HF 
on the active material from reaction (2.7),  manganese dissolution will continuously 
accelerate in the cell.  
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The model consists of 8 different partial different equations that were coupled and 
solved simultaneously to describe the reaction mechanisms on the cathode : 
2 charge conservation equations for Li+ in each solid and electrolyte phase. 
4 equations describing the transport of Li+, H+, Mn2+ and H2O in the electrolyte phase.  
1 equation describing the transport of Li+ in the solid phase, near the cathode. 
1 partial different equation describing the change in the volume fraction of the active 
material in the solid phase due to manganese dissolution, which can be described as: 
   (2.16) 
where
 
 is the molar volume of the active material of the electrode.  
The initial conditions used with the equation regarding volume fraction of the 
cathode were:  
   (2.17) 
   (2.18) 
Charge conservation in the cathode and the electrolyte phase can be described 
using the following equations: 
   (2.19) 
   (2.20) 
Boundary conditions of the charge conservation of solid phase yields: 
   (2.21) 
 
Anode surface ( ):Mn
2+
 and H
+
 are reduced at the lithium foil when charging the cell, 
which can be expressed by  
   (2.22) 
   (2.23) 
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Boundary conditions for the species H
+
 and Mn
2+
 yield: 
   (2.24) 
where  when charging are expressed by the equations: 
   (2.25) 
   (2.26) 
Current generated as the result of hydrogen and manganese reduction during 
charging follows the Butler-Volmer equation and is also a function of the concentration 
of the each species in the cell. 
At the anode surface ( ), the potential of the solid phase is set to zero. 
   (2.27) 
The total applied current should be the sum of the current density of lithium, the 
manganese deposition, and the hydrogen deposition on the anode surface, which can be 
described as  
   (2.28) 
where  
   (2.29) 
 Boundary conditions for the electrolyte phase can be expressed as: 
   (2.30) 
 It is assumed that the contributions of Mn
2+
 and H
+
 species to the electric field are 
neglected. The concentration of Li
+
 (1000 mM LiPF6) is significantly higher than the 
concentrations of Mn
2+
 (1.016 mM after 50 cycles, from experiment results) and H
+ 
(less 
than 50 ppm), which are negligible.  
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Four species in the transport equation have different reactions within the different 
domains of the system. The individual material balance equations for H
+
, Mn
2+
 and H2O 
are coupled to each other.  
First of all, the electric field is only influenced by Li+ from the assumption above, 
   (2.31) 
 Boundary conditions at the anode ( ) for the H2O species are 
   (2.32) 
Separator region (  to ):At the separator region, Mn dissolution and solvent 
oxidation do not react and only electrolyte decomposition occurs. The following reactions 
apply in this region: 
   (2.33) 
   (2.34) 
   (2.35) 
   (2.36) 
 Boundary conditions at the separator regions ( ) are 
   (2.37) 
 
Cathode region (  to ): Mn-F and Mn-O compounds have been 
detected, using XPS, on the surface of LiMn2O4 positive electrodes [22]. The impedance 
of the electrolyte/electrode interface dramatically increased when a higher concentration 
of manganese was injected into the cell. It can be assumed that manganese ions from the 
electrolyte were additionally consumed during film formation. This can be described as:  
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   (2.38) 
Mn re-deposition is controlled by charge transfer reactions that follow the Tafel 
equation. This can be expressed as:  
   (2.39) 
 At the cathode region, the total applied current should be the sum of Li 
intercalation/deintercalation, manganese deposition, and hydrogen deposition, which can 
be described as:  
   (2.40) 
Material balance in the electrolyte phase at the cathode side can be used as  
   (2.41) 
The individual material balance equations for H
+
, Mn
2+
, and H2O in the cathode 
region are: 
   (2.42) 
   (2.43) 
   (2.44) 
 Boundary conditions for the material balance of species ( ) at 
the cathode side ( ) are: 
   (2.45) 
In the transport equation of the cathode part, it is assumed that the particles of 
active material are spheres. Thus,  is a concentration of solid phase and is a 
diffusion coefficient of the solid phase. Material transport within the spherical particles in 
the cathode yields 
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   (2.46) 
 The boundary conditions for solid phase diffusion can be expressed as:  
   (2.47) 
   (2.48) 
Lithium intercalation/deintercalation reactions are governed by the Butler-Volmer 
equations: 
   (2.49) 
where
 
is the exchange current of lithium intercalation/deintercalation reactions, 
defined as  
   (2.50) 
where is the reaction rate constant in the positive electrode,  is the maximum 
concentration of lithium ion particles in the cathode electrode, and is the surface 
concentration of lithium ions in the particle electrode.  
Table 2 summarizes the side reaction parameters of the battery used in the 
simulations.  
2.1.2.2 Degradation of cathode material. 
2.1.2.2.1 Mn dissolution 
All these side reaction mechanisms influence Mn dissolution, which in turn 
decreases the effective volume fraction of the solid phase, which can be expressed as 
   (2.51) 
where
 
 is the molar volume of the active electrode material.  
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The rate constant for manganese dissolution is determined by using the measured 
surface area and the amount of manganese dissolved from the cathode material with time. 
Manganese dissolution is coupled with other side reactions and originates from several 
mechanisms, which makes it harder to estimate the exact reaction rate constant for 
manganese dissolution. Several assumptions were made to estimate the rate of manganese 
dissolution in order to calculate the reaction rate coefficient for manganese dissolution.  
First, it is assumed that manganese ions are only dissolved by the acid attack 
described in equation(2.7). Although there are several mechanisms that cause manganese 
to dissolve into the electrolyte, the influence of the reaction on battery performance will 
be same. Second, using equation (2.8) and equation(2.43), the reaction constant for 
manganese dissolution can be determined by the surface area of the cathode electrode, the 
concentration of manganese ions, and the concentration of hydrogen ions. From the 
experiment results, the concentration of hydrogen ions (about 25 mM at the initial cycle) 
is higher than the concentration of manganese (about 1mM after 50 cycles). This means 
that the amount of dissolved manganese is only governed by the rate of manganese 
dissolution, and not by the concentration of H
+
 ions. Thus, the concentration of hydrogen 
ions can be calculated using the concentration of manganese from equation(2.7), which 
can be measured by using ICP-OES.  
The rate of manganese dissolution  was estimated using, 
   (2.52) 
Because the amount of active material continuously decreases as the result of 
manganese dissolution, the maximum solid phase concentration also decreases 
proportional to the effective volume fraction decrease, which can be described as 
   (2.53) 
2.1.2.2.2 Contact resistance 
Contact resistance increases with cycling due to the formation of film on the 
cathode material and the re-deposited manganese compounds on the cathode surface.  
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is the overpotential for the lithium intercalation/deintercalation reaction, 
including the contact resistance increase, which causes ohmic drop of the system. This 
can be expressed as:  
   (2.54) 
where  is the equilibrium potential of the lithium intercalation/deintercalation 
reactions 
 The influences of film resistance on the performance of the cell can also be found 
elsewhere in the cell [23-25]. By measuring the contact resistance of the electrode with 
pre-dissolved manganese (0, 50, 100, 150 and 200ppm), resistance information at an 
arbitrary concentration of manganese can be determined using linear interpolation.   
2.1.2.2.3 Charge transfer resistance 
The interfacial resistance change at the cathode/electrolyte interface resulting 
from manganese ions was also considered in the simulation using equation (2.55) [26-28]. 
The ability to transfer lithium ions at the electrode/electrolyte interface is decreased and 
the charge transfer reactions are slowed due to manganese ions. In order to evaluate the 
effect of manganese ions on cell performance, reaction rate constant changes are 
considered in the simulation. This requires measuring charge transfer resistance by using 
an experiment at the same voltage. As was the case with contact resistance, charge 
transfer resistance information with arbitrary concentration of manganese ions was 
acquired using experiment results. 
   (2.55) 
In the classical equation (2.55),  is the gas constant, is the temperature, is 
the number of electrons exchanged,  is Faraday‘s constant, is the maximum solid 
phase concentration, k0 is a reaction rate constant and x is the intercalation level. 
2.1.2.2.4 Diffusion coefficient 
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As manganese re-deposition occurs on the cathode surface, the effective diffusion 
coefficient decreases because the pores in the cathode material become clogging [2, 29, 
30].  
   (2.56) 
 is the initial diffusion coefficient measured using EIS method and  is the 
adjustment factor for the diffusion coefficient of lithium ions in the electrolyte. 
2.2 Results and Discussion 
An outline of the current study, including experiments, simulations and the 
connection between them, is shown in Figure 2.2. The experiments were designed to 
understand the degradation of the cathode due to manganese ions and to provide input 
parameters for the simulations. By performing the simulations using a physics-based 
model and input parameters from experiments, comparisons between the output 
simulations and the results of experiments could be presented.  
 Experimental results 2.2.1
2.2.1.1 Conductivity measurements. 
Table 2.3 shows the electronic conductivity measurements from LiMn2O4 
composite electrode samples with different ratios of active material, carbon black and 
PVDF binder. The conductivities of these electrodes varied significantly among the 
samples. For example, the conductivity of sample 1 was more than 30 times greater than 
that of sample 8. Electrical resistivity hinders the flow of the electrons and also causes an 
ohmic drop in the system. Electrical resistance of the cell consists of the resistance of 
electrode particles, conductive additives, percolation networks in the electrode, current 
collectors, and the electrical tap [31].  The electronic conductivity of LiMn2O4 is about 
0.2 x10
-6–2x10-6; the conductivity of an overall composite electrode is highly dependent 
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on the amount of carbon black in the sample [31-33]. Sample 5 was used in the 
experiments and simulations described in this work.  
 
Figure 2.2 LiMn2O4/Li half-cell configurations of experiments and simulations 
 
 
 
Sample 
Ratio of Active 
material: Carbon 
Black :PVDF 
(CB:PVDF) 
coating 
thickness(inch) 
resistance(ohm*cm) conductivity(S/m) 
1 85:7.5:7.5 (1:1) 0.001 2.034 49.15 ±5.1 
2 85:6.67:8.33 (0.8:1) 0.001 4.829 20.70 ±2.3 
3 85:5.63:9.38 (0.6:1) 0.0012 6.879 14.53 ±1.1 
4 85:4.29:10.71 (0.4:1) 0.001 42.18 2.370 ±0.2 
5 90:5:5 (1:1) 0.0015 3.381 29.57 ±3.2 
6 90:4.44:5.56 (0.8:1) 0.0007 10.20 9.802 ±0.9 
7 90:3.75:6.25 (0.6:1) 0.003 25.39 3.937 ±0.4 
8 90:2.86:7.14 (0.4:1) 0.001 67.70 1.477 ±0.2 
Table 2.3 Conductivity measurements with different composition ratio of LiMn2O4 
composite electrode samples 
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2.2.1.2 Surface area measurements. 
Primary side reactions [1], such as electrolyte decomposition, SEI layer formation 
and manganese dissolution, originate primarily from reactions between the electrode and 
the electrolyte interface. The main influences on the intensity of these side reactions were 
the electrode area in contact with the electrolyte and the porosity of the composite 
electrode.  For example, Marks et al. [34] measured the coulombic efficiency of two 
Li/graphite cells that contained 4 wt% and 7 wt% Super-S carbon black, respectively . 
The coulombic efficiency of the electrode containing the greater concentration of carbon 
had a more detrimental effect because SEI layer formation was boosted due to its higher 
surface area.  In order to evaluate the precise intensities of various electrochemical 
reactions, the surface area of the LiMn2O4 composite electrode was determined using 
BET methods. Figure 2.3 (a) and (b) show the isotherms for the adsorption and the BET 
plot of the LiMn2O4 composite electrode, respectively. By calculating the slope and 
intercept from Figure 2.3(b), the surface area of the electrode could be determined using 
equation (2.1). The empirical constant C and the surface area of the LiMn2O4 electrode 
were 28.942 and 2.277 m2/g, respectively. Literature values for the LiMn2O4 particle 
surface vary from 1.5 to 3.0 m2/g [35, 36]. The results of our measurements lie within the 
range of those reported in previous literature. 
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(a) 
 
(b) 
 
Figure 2.3 (a) Isotherms for the adsorption of nitrogen on LiMn2O4 composite electrode 
and (b) BET plot of LiMn2O4 composite electrode (partial pressure(p0/p) versus 
1/[W((p0/p)-1]]) 
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2.2.1.3 ICP-OES measurements. 
Manganese dissolution is coupled with other side reactions, such as electrolyte 
oxidation. Manganese deposition onto both the cathode and anode degrades cell 
performance. Moreover, the amount of manganese dissolved from the LiMn2O4 spinel 
electrode is greatly affected by many other parameters, including temperature, operating 
voltage, electrolyte, salt, particle size and C-rate, which make the reaction even more 
complicated. To accurately predict the change in cell performance due to these side 
reactions, the precise amount of dissolved manganese must be determined.  
To understand the effects of temperature, storage time, and particle size on manganese 
dissolution, the amount of manganese dissolved from the positive electrode was 
measured using ICP-OES. Table 2.4 shows the concentration of manganese dissolved 
from a LiMn2O4 composite electrode during storage in 1.0M LiPF6 EC: DMC (1:1) 
electrolyte for 5, 10, 15 and 20 days at 0 ºC, room temperature, and 40 ºC. The results 
demonstrate that high temperature and extended storage time accelerate the dissolution 
process. For example, manganese in a porous electrode dissolved 2.6 times faster at 40 ºC 
than at room temperature after 20 days. 
Panels (a) and (b) in Figure 2.4 show the average concentration of manganese 
dissolved from a composite electrode and a powder particle electrode with different 
particle size, respectively, after storage for 7 days. Electrode particles of smaller size (less 
than 0.5µm) tend to dissolve more than electrode particles of larger size (less than 5µm) 
on both powder and composite electrodes. This is caused by the larger surface area 
exposed to the electrolyte that is attacking the cathode material. The concentration of 
manganese derived from the powder electrode was about 10 times higher than that 
derived from the composite electrode. The cathode surface area in contact with the 
electrolyte was larger for the powder electrode than for the composite electrode. 
Moreover, this may be happening, in part, because the PVDF used in the composite 
electrodes slows the dissolution reaction. The good adhesion to metallic collectors and 
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the cohesion between active material particles achieved by the PVDF binder may reduce 
the surface area of active material in contact with the electrolyte, resulting in a decrease 
in the  manganese dissolution effect.  
 
 
 
Mn dissolution 
(ppm) 
0 ºC RT 40 ºC 
1week 0.089 0.121 0.864 
2week 0.158 0.163 3.26 
3week 0.131 0.169 5.27 
4week 0.133 0.229 7.87 
5week 0.225 0.298 19.5 
Table 2.4 The amount of dissolved manganese from LiMn2O4 composite electrode with 
time at different temperature (mM) 
 
 
 
 
 
 
 
15 cycle 30 cycle 50 cycle 
Mn 
dissolution(mM) 
0.178 ±0.05 
(9.79ppm) 
0.246±0.08 
(13.53ppm) 
1.016±0.21 
(55.88ppm) 
Table 2.5 Concentration of dissolved manganese from composite electrode in 1M LiPF6 
in EC:DMC (1:1) with different cycle number 
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(a) 
 
(b) 
 
Figure 2.4 concentration of dissolved manganese after 7 days from (a) composite 
electrode and (b) powder particle in 1M LiPF6 in EC:DMC (1:1) with different particle 
size 
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Table 2.5 shows the change in the concentration of dissolved manganese with 
different numbers of cycles. Three formation cycles were performed with C/10 before the 
actual cycles. Cycling the cell causes more manganese ions to dissolve from the LiMn2O4 
electrode than does storing the electrode in electrolyte. For example, the amount of 
dissolved manganese resulting from storage in the electrolyte for 3 weeks was similar to 
the amount of dissolved manganese resulting from cycling for 30 hours. A previous study 
that used the rotating ring disk electrode (RRDE) method showed that 16.5 ppm (0.3 mM) 
of manganese dissolved after 50 cycles [37]. Another study reported that 60 ppm (1.092 
mM) of the manganese dissolved after 55 cycles [38]. In this study, 1.016 mM of 
manganese dissolved after 50 cycle, which falls within the range observed in previous 
studies.  
 
 
2.2.1.4 CV and EIS measurements. 
Figure 2.5 (a) shows the results of CV measurement made with LiMn2O4 
electrodes in electrolytes containing different concentrations of manganese. Increasing 
the concentration of dissolved manganese to 200 ppm caused a 5.37% decrease in the 
cathodic current peak of a LiMn2O4 electrode. The ability to transfer currents between 
electrolyte/electrode interfaces is decreased due to manganese ions.  Moreover, it can be 
seen from Figure 2.5 (b) that the cathodic current peak shifts to the right when a higher 
concentration of manganese is included in the electrolyte. This shift indicates that the 
reaction rate constant is decreased and charge transfer resistance is increased due to 
manganese re-deposition.  Figure 2.6 shows the EIS response with different voltages 
applied to the LiMn2O4 electrodes. By using EIS, we can separate the sources of 
impedance such as the electrolyte, the SEI layer, the interface, and diffusion through the 
LiMn2O4 electrodes. High-frequency resistance and charge-transfer resistance were 
separately plotted to see the different effects of voltages on both electrodes, as shown in 
Figure 2.7. High frequency resistance was similar throughout the range between 3.5 V 
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and 4.3 V, whereas there was a change in charge-transfer resistance with different 
voltages. Changes in charge transfer resistance are due to the lithium concentration in the 
electrodes. The charge-transfer resistance (Rct) versus voltage plot is supposed to perform 
according to the following classical equation [10]: 
   (2.57) 
where f denotes the usual electrochemical constant (equal to F/RT, where, F and R are the 
Faraday and gas constants, respectively, and T is the absolute temperature) and k0 is the 
heterogeneous reaction rate constant. Also, the concentrations of the reduction-form, cR, 
and that of the oxidation-form, cO, are identified with the concentration of Li ions and 
unoccupied intercalation sites, respectively. From this equation, we can easily find that x 
= 0.5 has the minimum charge transfer resistance in LixMn2O4 electrode. From Fig 3, it is 
easy to find that the lowest Rct in LixMn2O4 is 4.1V, when the electrode has intercalation 
level x = 0.5. 
Figure 2.8 shows the EIS response of the LiMn2O4 electrodes to different 
concentrations of manganese ions in the electrolyte. High-frequency resistance and 
charge-transfer resistance were plotted separately to see the different impacts of 
manganese on the two electrodes, as shown in Figure 2.9. The contact resistance (high 
frequency resistance) of LiMn2O4 electrodes increased due to the additional layer 
formation induced by manganese re-deposition. Charge-transfer resistance also increased 
remarkably in LiMn2O4 electrodes due to the manganese ions in the electrolyte. The latter 
result is identical to the CV results displayed in Figure 2.5, which shows the decrease in 
reaction rate constant at higher concentrations of manganese in the electrolyte. This 
decrease is probably caused by Mn-F and Mn-O compounds, which are generated during 
the later stage of storage and are highly resistive.  Their formation leads to cell 
polarization and hinders the charge transfer processes [22].   
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(a) 
 
(b) 
 
Figure 2.5 (a) CV results with different concentration of manganese in the electrolyte of 
LiMn2O4 electrodes and (b) magnification of the box from Figure 2.5(a) 
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Figure 2.6 EIS response with different voltages of LMO electrodes 
 
Figure 2.7 (a) High-frequency resistance change with respect to voltage (b) Charge-
transfer resistance change with respect to voltage 
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The diffusion coefficient of LiMn2O4 was measured as a function of voltage using an 
EIS method as shown in Figure 2.10. The value of the diffusion coefficient of LiMn2O4 
electrode varied from 10
-8
 to 10
-12
,
 
depending on the measurement technique and the 
experimental conditions [31]. Since the diffusion coefficient dramatically changes under 
various conditions, it is important to measure the exact value to compare between 
experiments and simulations. A minimum value of the diffusion coefficient is observed 
near the 4.1 V region, which has the highest current peak in the CV results shown in 
Figure 2.5 and where a voltage plateau is found in Figure 2.13. To decrease the voltage 
near 4.1 V, more lithium would be needed to increase the state of charge (SOC) of the 
electrode. This is the reason why the 4.1 V region has the minimum diffusion coefficient 
throughout the voltage range.  For the simplicity, the average value of the diffusion 
coefficient was used as input to the simulation.  
The diffusion coefficients of LiMn2O4 electrodes were also measured after inserting 
the desired concentration of manganese in the electrolyte, as shown in Figure 2.11 and 
Table 2.6. Manganese ions in the electrolyte substantially decrease the diffusion of 
lithium into the electrode.  After adding manganese (200 ppm) to the electrolyte, the 
diffusion coefficient dropped from 1.3 x 10
-12
 m
2
/s to 4 x 10
-13
 m
2
/s. Dissolved 
manganese and electrolyte decomposition products, like the contact resistance and charge 
transfer resistance increase, generate additional inactive film growth, which also blocks 
Li-ion transport to the electrode.   
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Figure 2.8 EIS response with different concentrations of manganese of LMO electrodes 
 
 
Figure 2.9 Impedance change at different concentrations in (a) high-frequency resistance 
region and (b) charge-transfer resistance region 
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Figure 2.10 Diffusion coefficient change with different voltage of LiMn2O4 electrodes 
measured using EIS method 
 
Figure 2.11 Diffusion coefficient change with different concentration of manganese in the 
electrolyte measured using EIS method 
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2.2.1.5 Capacity measurements  
The change in LiMn2O4 electrode capacity with cycle number in the presence of 
different concentrations of manganese is shown in Figure 2.12. However, the discharge 
capacity of the LiMn2O4 electrode decreased continuously during the cycles. It was 
obvious that higher concentrations of manganese caused greater capacity decreases. The 
LiMn2O4 electrode capacity decreased significantly, up to 15 % in 16 cycles, due to 
dissolved Mn ions. Presumably, the deposition of manganese and electrolyte 
decomposition products on the electrode surface hinders the lithiation/delithiation process 
during cycling, which affects the unceasing decline of the discharge capacity of the cell. 
Moreover, the capacity of the cells kept decreasing as the cycle number increased, which 
means that a passive cathode film layer was not fully established on the LiMn2O4 surface. 
The cathode electrolyte interface layer is relatively thin compared with the SEI layer of a 
graphite electrode, which lacks a passivation effect. However, an additional capacity 
decrease was observed with an increase in the concentration of dissolved manganese 
ions. The low electronic conductivity of the manganese compounds formed on the 
cathode surface might be one reason for this lack of passivation effect. It is suggested that 
manganese ions dissolved from the cathode continuously form manganese compounds on 
the cathode surface. These manganese compounds hinder charge transfer reactions and 
the diffusion of the lithium ions, resulting in a continuous capacity fade. This result is 
similar to those of previous studies performed by adding manganese additives to a 
graphite anode. These studies also showed a continuous decrease in the capacity of the 
negative electrode [39]. Lithium reversibility in the graphite was found to be degraded by 
adding just a small amount of manganese. These reactions, in addition to active loss of 
the cathode material, will also contribute to capacity fade.    
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Mn concentration 
(ppm) 
Diffusion coefficient (m
2
/s) 
0 1.31×10
-12 
±1.5×10
-13
 
50 5.05 ×10
-13 
±1.2×10
-13
 
100 1.72 ×10
-14 
±1.81×10
-14
 
150 5.31 ×10
-14 
±0.91×10
-14
 
200 1.51 ×10
-14 
±1.41×10
-15
 
Table 2.6 Diffusion coefficient change with different concentration of manganese in the 
electrolyte measured using EIS method 
 
 
Figure 2.12 Capacity change with cycle number of LiMn2O4 electrodes with different 
concentrations of manganese 
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 Simulation results. 2.2.2
Figure 2.13 shows a comparison of the voltage profiles obtained by experiment 
and simulation. The experimentally measured OCV curve was used as the input in the 
simulation. A black line shows the voltage profile output using the OCV curve from a 
previous study and the red line shows the voltage profile predicted by simulations using 
the measured OCV [40]. The output voltage profile obtained in the simulations using the 
measured OCV curve (red line) matches the experimental result (blue circles) seamlessly 
(Figure 2.13). Qualitative differences between the experiments and the reference arise 
mainly from the 4.1 V plateau during discharge. The experimental OCV curve shows a 
voltage drop near 4.1 V, compared with the reference, mainly due to the impedance of the 
cell. In order to include cell impedance information and predict cell performance more 
accurately, measured OCV curve is used in the simulation.  
The effective volume fraction of the active material changes continuously due to 
the dissolution of manganese. A 4% reduction in the volume fraction of active material 
after 50 cycles was predicted by using a calculated reaction rate constant for manganese 
dissolution, as shown in Figure 2.14. Similarly, the change in volume fraction of the 
active material from the experiment was calculated using equation (2.5), and then the 
amount of manganese ions dissolved in the electrolyte was measured using ICP-OES. 
The results of the experiments and the simulations show similar trends. Previous 
manganese dissolution experiments based on sample weights from a powder electrode 
showed 3.2% Mn dissolution [13]. Larger amounts of manganese dissolution seen in 
previous studies probably resulted from the use of powder electrodes, whereas a 
composite electrode was used for the experimental work in this study. As the cycle 
number increases, the volume fraction of the active material decreases and the amount of 
dissolve manganese ions increases. The acceleration of these reactions results primarily 
from solvent oxidation, along with the generation of H2O molecules due to the acid attack 
shown in equation (2.7).  While hydrogen ions are generated through solvent oxidation, 
they also react with LiMn2O4 electrodes and generate H2O molecules that constantly 
regenerate HF according to equation (2.14).  These reactive species will continuously 
attack the active materials and are critical to the decrease in cell capacity.  
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Figure 2.13 Open Circuit Voltage profile comparisons of experiment and simulations 
 
 
Figure 2.14 Volume fraction change of LiMn2O4 electrode with cycle number due to 
manganese dissolution 
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Figure 2.15 shows the changes in diffusion coefficient and reaction rate 
coefficient that result from cathode degradation. The decreases in the diffusion 
coefficient and the reaction rate coefficient are critical factors in the decrease in electrode 
capacity, especially during fast cycling. The Li-ion diffusion coefficient decreased from 
1.3 x 10
-12
 m
2
/s to 4 x 10
-13
 m
2
/s after 50 cycles. Current experimental results showed that 
the lithium ion diffusion coefficient changes with changes in the voltage and manganese 
concentration (Figure 2.10 and Figure 2.11, respectively). The change in the lithium ion 
diffusion coefficient due to voltage is neglected in this work, for simplicity. The ICP 
results showed that approximately 55 ppm (1.016 mM) of manganese dissolved after 50 
cycles. The diffusion coefficient, measured using the EIS method, decreased to 5.05x10
-
13
 m
2
/s after adding 50 ppm of manganese to the electrolyte. The experiments and 
simulations yield similar predictions for the diffusion coefficient after 50 cycles. Similar 
experiments have also been conducted by other research groups, using EIS methods [41-
43].  One previous study [42] revealed that the diffusion coefficient of a fresh Li-ion 
electrode decrease from the range of (1–6) × 10−12 cm2/s to 0.47 × 10−13 cm2/s after 
repeated charge-discharge cycling. It was suggested that a passive layer forms on the 
electrode and clogs the pores of the lithium ion path, and continuously reduces the 
lithium ion diffusion coefficient.   
Simulation results (Figure 15) also show that the reaction rate coefficient 
decreased linearly, from 2.0 × 10
-10 
m/s to 1.465 × 10
-10 
m/s, after 50 cycles.  Previous 
experimental and simulation studies have revealed a linear relationship between 
resistance and cycle number. Impedance measurements from a previous study [17] 
showed a linear increment of contact and electrode reaction resistance. It can be argued 
that a change in contact area between oxide and carbon particles resulting from Mn 
dissolution is the main reason for the resistance increase. Park et al. [7] also predicted a 
linear increase in relative resistance with cycle number due to the manganese 
disproportion reaction. One of main reasons for the increase in resistance comes from the 
loss of contact between spinel particles and the carbon conductor as the spinel dissolves 
into the electrolyte.   
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Figure 2.15 Diffusion coefficient and reaction rate coefficient change due to cycling 
 
Figure 2.16 Comparison of capacity change with cycle number of LiMn2O4 electrodes 
between experiments and simulations. 
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The current impedance and CV study reveal an increase in contact resistance, an 
increase in charge transfer increase, and a decrease in the reaction rate coefficient of the 
cell due to an increase in the concentration of manganese ions in the electrolyte. It is 
proposed that the growth of electrochemically generated inactive material on the surface 
of the cathode material was increased due to dissolved manganese ions. The growth of 
film on the cathode surface results in an increase in the contact resistance and charge 
transfer resistance of the cell, as well as a decrease in lithium diffusivity. Previous 
spectroscopic results, which showed that the active material particles are covered by 
pristine surface films comprised primarily of Li2CO3 at initial cycles, can explain these 
phenomena [35]. After repeated cycling of the cell, the electrode impedance will increase 
further due to the precipitation of LiF, which is derived from HF, on the surface. 
Additionally, Mn-F compounds generated at a later stage of storage due to manganese 
ions in the electrolyte aggravate electrode performance even more, by increasing 
resistance that leads to cell polarization [22].  
 Figure 2.16 shows comparisons between experiments and simulations of 
the change in capacity with cycle number. In the experiments, 5 formation cycles with 
C/10 were performed before the actual cycles. In both simulations and experiments, the 
cells were cycled between 3.5 V and 4.3 V with C/5 rate for 50 cycles. The experimental 
results showed approximately 8.3% capacity loss. The results of the simulation show 
about 9.0 % capacity loss after 50 cycles, due to side reactions induced by degradation 
mechanisms and electrode degradation. Capacity loss resulting from the loss of active 
material due to the side reaction mechanisms shown in Figure 2.14 is only 4%. This 
indicates that active material loss due to manganese dissolution and other side reactions is 
responsible for only 4% of the decrease in cell capacity. Degradations of electrode 
performance, such as contact resistance increase, charge transfer resistance increase, and 
diffusion coefficient decrease, are also major causes of the decrease in capacity.  
There have been many studies using experiments and simulations that describe 
decreases in the capacity of LiMn2O4 spinel electrodes under different conditions, such as 
temperature, cycle number, voltage range, preparation method, calcination temperature 
and surface area [2, 9, 44-49]. The range of these capacity decreases also changes 
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dramatically, depending on the various conditions. Previous literature has shown 10.7 % 
[50], 11.03 % [51] and 12 % [48] decreases in capacity measured after 50 cycles with C/2 
rate. The results of our study show an approximately 9 % decrease in capacity with a C/5 
rate, which is similar to the results of previous research. The differences in C-rate 
between the current and previous experiments might be the primary reason for the 
differences in capacity decrease. Dai et al. [2] predicted a 16% decrease in capacity after 
50 cycles between 3.5 V and 4.3 V, at 55 °C, with a C/3 rate, using a physics-based 
model. By considering the fact that higher temperature, higher C-rate and wider voltage 
range accelerate capacity fade, our simulation results also show reasonable values. 
The relatively slow C-rate used in this work results in a higher manganese 
dissolution rate. Moreover, the lower C-rate also caused a smaller capacity loss due to 
changes in the contact resistance, diffusion coefficient, and reaction rate coefficient. 
Simulation results showed that an approximately 5% loss in capacity occurred during 50 
cycles as a result of changes in contact resistance, diffusion coefficient and reaction rate 
coefficient. However, the impact of electrode degradation on capacity will increase and 
active material loss due to degradation reactions will decrease when the C-rate increases. 
Cathode degradation that originates from diffusion coefficient decrease, reaction rate 
constant decrease and contact resistance will be quantitatively more responsible for the 
decrease in the capacity of the electrode when C-rate is higher.  
 
2.3 Conclusions 
A series of LiMn2O4 composite electrode degradations and their impact on cell 
performance were investigated in this study, which features unique improvements in both 
experiments and simulations. Specifically, our study focused on cathode degradation in 
the cell. It included parameter changes of the cathode electrode due to manganese ions, 
along with key input parameters measured using different analytical techniques. It also 
featured an improved electrochemical model that considered both side reaction 
mechanisms and degradations of the electrode.  
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Electrochemical measurements were conducted by using a lithium/LiMn2O4 half-cell 
with electrolyte containing different concentrations of manganese in order to elucidate 
the impact of dissolved manganese on the cathode electrode. Based on the CV, EIS and 
cycling results, it was observed that manganese ions negatively impact the cathode 
through re-deposition. For instance, the capacity of a LiMn2O4 composite electrode 
decreased up to 15 % after 16 cycles in the presence of a 200 ppm concentration of Mn-
ions dissolved in the electrolyte.  
Key parameters related to battery cell performance, including surface area, 
electronic conductivity, impedance, and the amount of manganese dissolution, were 
directly measured using numerous analytical techniques. For instance, it was 
experimentally observed that a 1.016 mM (60 ppm) concentration of manganese 
dissolved into the electrolyte after 50 cycles. By using previous findings, the contact 
resistance increase of the cell, the decrease in diffusion ability due to clogging of the 
porous structure, and the decrease in reaction rate constant due to manganese ions were 
also calculated and used as inputs into our simulations. 
The experimental findings from the current study suggest that both manganese 
dissolution and its subsequent impact on cathode degradation should be considered in 
order to fully account for battery performance.  A physics-based, side-reaction coupled 
electrochemical model with key input parameters was used to explain the magnitude and 
mechanisms of electrode degradation. The simulations and experiments showed that 
active material decreased 4% and capacity decreased 9 % after 50 cycles due to side 
reactions. This result indicates that an approximately 5% loss in capacity occurred during 
50 cycles as a result of changes in contact resistance, diffusion coefficient and reaction 
rate coefficient due to Mn ions in the electrolyte. In conclusion, the current study 
suggests that both active material loss due to degradation mechanisms and parameter 
changes due to degradation of the electrode critically influence cell performance.  
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2.4 Appendix 
 Four point probe method – Electronic conductivity measurements 2.4.1
Potential differences were measured from the inner two probes and the current 
was supplied and extracted from the outer two probes. The electronic conductivity of the 
composite electrode was calculated [52] as 
 
   (2.58) 
where is the electrode thickness, is the electronic conductivity of the electrode, is 
the applied current and is the electric potential difference between two probes.  
 
 BET method – Surface area measurements 2.4.2
BET theory describes the multilayer physical adsorption of gas molecules on a 
solid surface by considering Langmuir adsorption and condensation of gas onto liquid. In 
the first layer, BET theory uses Langmuir adsorption to describe the equilibrium 
adsorption of a gas monolayer onto a solid surface. Second and further layers are 
adsorbed by condensation of the gas onto the liquid phase as a function of pressure.  
The fraction of occupied surface θ, which can be defined as the ratio of the number of gas 
molecules adsorbed on the surface to the number of adsorbed molecules required to 
completely cover the solid with a layer, can be expressed as:  
  (2.59)  
where N is the number of gas molecules adsorbed on the surface, Nm is the number of 
adsorbed molecules required to cover the solid with a layer, C is empirical constant, p is 
the applied pressure and p0 is the saturation pressure. 
The mass of gas adsorbate required to cover the solid with a layer and the 
empirical constant C were determined by plotting: 
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  (2.60)  
where W is the mass of gas molecules adsorbed onto the surface and Wm is the number of 
adsorbed molecules required to cover the solid with a layer of adsorbed molecules. 
The surface area of the porous electrode was determined by:  
   (2.61) 
where NA is the Avogadro constant, Ax is the cross-sectional area of the adsorbed 
molecule and MA is the molar mass of the adsorbed molecule. 
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 CHAPTER 3
SIDE REACTIONS INDUCED BY MANGANESE DEPOSITION 
Manganese deposition on the graphite anode is also known as one of the major 
problem of the capacity fade. Dissolved manganese ions are deposited onto the graphite 
anode and can deplete the lithium in the graphite anode. Owing to manganese deposition 
onto the graphite, inserted lithium ions are taken out from the graphite electrode; 
consequently, overall capacity is decreased. It is also known that deposited manganese 
interacts with SEI layer which cause resistance increase and other complicated side 
effects. All these reactions will directly decreases the cell capacity due to manganese 
contamination of the graphite materials. 
There are several studies focused on manganese contamination of graphite materials. 
The catalytic effect of deposited products toward solvent reduction is proposed as an 
additional capacity fade phenomenon [1-3]. Several XPS measurements were conducted 
to enlighten the mechanisms of manganese deposition by elucidating the chemical state 
of the manganese in the SEI layer of the graphite. The oxidation state of manganese 
present in the SEI layer of the graphite differs from the literature in the case of Mn metal 
[4, 5], Mn
2+
 or Mn
3+ 
[1, 2, 6, 7].  Previous studies still suspected that the metallic state of 
Mn induces solvent reduction on the graphite surface [1-3]. The reasons for this 
speculation owe from the fact that 1) Mn metal was found from XPS measurement [4, 5]; 
2) Mn
2+
 and Mn
3+
 (a form of MnCO3, MnO2 or Mn2O3) does not possess sufficient 
electronic conductivity to induce additional electrolyte decomposition [1, 2, 6]; and 3) 
capacity fade solely due to Mn reduction is too small and cannot explain continuous 
capacity decrease [8, 9]. Accordingly, manganese ions reduce manganese metal and then 
re-oxidize with electrolyte to form manganese compounds which cause significant 
capacity fade due to higher conductivity of the metallic surface. On the other hand, a 
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recent study proposes that a metathesis reaction takes place as the manganese deposition 
mechanism is activated between Mn
2+
 and some species from the SEI layer rather than 
reduction reactions which lead to the formation of metallic manganese [7]. It is suggested 
that the manganese oxidation state does not depend on chemical potential or reactions 
during the discharge/charge process. The researchers proposed an ion-exchange model 
for manganese deposition on the graphite anode. Currently, the oxidation state of 
manganese in the SEI layer and the mechanisms of manganese deposition are still being 
debated in the literature.  
However, a comprehensive understanding of manganese‘s impact on the graphite 
negative electrode is still limited. It is not yet clear how manganese ions induce side 
reactions on the graphite anode, affecting capacity decrease and cell performance. Also, 
the corresponding direct observation of the decomposed layers due to manganese 
deposition on the graphite surface is expected but still missing. It has been commonly 
understood that manganese deposition and the formation of SEI layer both critically 
impact the graphite negative electrode in terms of capacity and cell performance [10]. 
Nevertheless, none of the previous literature clearly explains the interactions and 
reactions between SEI layer on the graphite surface and manganese ions from the 
LiMn2O4 electrode. The objective of this study is to investigate the effect of manganese 
deposition and its side reactions on the graphite anode, and finally to elucidate the 
relationship between the amount of deposited manganese and capacity fade and 
electrochemical performance change in Li-ion battery systems.  
3.1 Methods 
 Experiment methods 3.1.1
Since individual measurement techniques provide only limited information about a 
certain phenomenon, multiple complementary measurements are employed in various 
experimental conditions to achieve a comprehensive understanding of manganese 
deposition. Several electrochemical measurement techniques, such as CV, EIS and 
cycling testing, are employed to investigate how manganese ions influence the graphite 
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electrode in terms of cell performance and capacity retention. In this chapter, four main 
topics are focused on in order to investigate both manganese deposition and consecutive 
side reactions. Those include 1) interactions between Mn ions and the SEI layer; 2) the 
relationship between the lithiation-status and manganese deposition; 3) cycling effects of 
Mn deposition on electrochemical performance; and 4) direct observation of decomposed 
layers induced by Mn deposition. 
First, interactions between manganese ions and the SEI layers were investigated. 
Previous studies [10] indicate that graphite electrodes exhibit a sharp decay of capacity 
during the first few cycles. This is primarily due to Solid Electrolyte Interface (SEI) film 
growth on the graphite surface. After the formation cycles, the lithium-ion cells stabilize 
and maintain a constant capacity. Generally, the manganese ions are generated from the 
dissolution process of the cathode materials; thus, transport and deposition into the anode 
are expected after the formation of the SEI layer. However, a study of Mn-ion effects on 
the SEI layer would provide a contrast to standard measurements after the SEI layer is 
formed. Also, the SEI layer itself is not very robust, especially at high temperatures. 
Consequently, at high temperatures, the large amount of Mn ions from the accelerated 
dissolution may have an impact on the reformation of SEI layer due to its instability. In 
order to differentiate the impact of manganese on graphite electrode with and without SEI 
layer, fresh and cycled graphite electrodes are examined.  
Second, the relationship between the lithiation-status of graphite and manganese 
deposition as well as operating voltage and manganese deposition were examined. The 
amount of lithium residing in the graphite electrode will influence the interactions 
between manganese ions and the graphite electrode. Therefore, lithiated and delithiated 
graphite samples are used in cycled graphite electrodes to investigate the relationship 
between state-of-charge and reactions related to manganese deposition. Moreover, the 
operating voltage window and corresponding reaction change is critical to the cell 
performance. In order to investigate reaction change due to manganese deposition, GCPL 
(Galvanostatic cycling with potential limitation) measurements were performed while 
separating the voltage window below and above the potential where manganese reduction 
occurs. One previous study recently suggested that manganese deposition is caused by 
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metathesis reactions [7] rather than by manganese reduction [1-3]. These experiments 
will also give clear explanations of this ongoing topic.  
Third, electrochemical measurements such as CV, cycling testing and ICP-OES 
measurements were performed with different conditions of graphite samples to 
investigate the cycling effect of manganese deposition. One of the main issues emerging 
from the side reactions is impedance change due to the development of by-products from 
the side reactions. In order to investigate changes in cell impedance, EIS measurements 
were also performed on the cycled graphite electrode. After cell capacities and 
impedances were identified, ICP-OES measurements were carried out to measure the 
exact amount of manganese deposited on the graphite. By comparing the amount of 
deposited manganese and changes in capacity and impedance, the connections among 
manganese deposition and side reactions as well as their influence on cell performance 
were investigated. In addition, separate experiments were performed to measure the 
amount of lithium extracted from the graphite anode due to manganese ions. These 
experiments can provide information parallel to previous experiments with regard to the 
Mn-Li exchange mechanism.  
Finally, previous studies have shown that manganese deposited onto the graphite 
surface was detected by various techniques such as XPS [4], SIMS [11], ICP-OES and 
EPM [9]. In turn, it was proposed that the decomposed layer would be formed due to 
drastic decomposition of the electrolyte on the manganese metal surface [4]. However, no 
study has directly observed whether the additional layers were formed due to manganese 
deposition. In this work, in order to clearly observe the decomposed layers formed on the 
metallic state of the manganese surface, the graphite electrode was replaced with a 
manganese metal. Both fresh and cycled manganese metal surfaces were directly 
observed to see whether manganese was induced to form decomposed layers using SEM 
(Scanning Electron Microscope). Elemental analysis was also conducted on these 
samples using EDS (Energy Dispersive Spectroscopy) to confirm that metallic states of 
manganese form an additional passivation layer with electrolyte decomposition products. 
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3.1.1.1 Sample preparation 
3.1.1.1.1 Coin cell assembly and disassembly 
Graphite composite electrodes were assembled to sealed 2032 type coin cells (MTI) 
with a Lithium foil (Alfa Aesar) counter and reference electrodes with a separator 
(Celgard 2320). Formation cycling was performed three times at C/10. Finally, the cell 
was disassembled in the glove box and reassembled with the electrolyte possessing 
different concentrations of manganese for further experiment.  
3.1.1.1.2 Electrolyte with pre-dissolved manganese ions 
In order to investigate the direct impact of manganese ions on graphite composite 
electrode, the desired concentrations of manganese were dissolved in the electrolyte in 
advance. 50, 100, 150 and 200ppm of Mn(PF6)2 were added into an electrolyte composed 
of 1M of LiPF6 salt (Aldrich) in ethylene carbonate (EC) and dimethyl carbonate (DMC) 
of 1:1 solvent mixtures to achieve the target concentration of manganese in the 
electrolyte. Exact concentrations of manganese in the electrolyte were measured by using 
Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES). 
3.1.1.2 Electrochemical measurements 
In order to measure the impact of the manganese on the graphite composite 
electrode, CV, capacity, and EIS measurements were performed. By using graphite 
electrodes and different concentration of manganese of electrolyte, graphite/lithium half-
cells were constructed to decompose the effect of the dissolved Mn-ion for anode side 
and cathode side. 
Cyclic Voltammetry was applied to Li/Graphite cell to measure redox currents 
and current peak changes immediately following the addition of different concentrations 
of manganese. CV was carried out at 0.5mV/s between 0.1V to 3.0V for Li/graphite cell. 
Interfacial currents and current peak changes were measured during the formation cycles.  
Capacity was measured using Li/graphite half-cells from 0.1V to 0.9V with C/10 for 20 
cycles.  
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Electrochemical Impedance Spectroscopy (EIS) measurements were performed to 
measure impedance change due to the different concentrations of manganese and 
different potential of the electrode/electrolyte interface. Each concentration of manganese 
was measured with EIS at different voltages (0.1, 0.3, 0.5, 0.7 and 0.9V) and different 
manganese concentrations (0, 50, 100, 150 and 200 ppm) in the electrolyte. Before 
conducting EIS measurements, the cells were rested in the Open Circuit Voltage (OCV) 
condition for 2 hours to achieve stabilized potentials. AC impedance spectra were 
obtained by applying sinusoidal waves with amplitude of 5 mV over frequencies ranging 
from 100 kHz to 10 mHz. 
3.1.1.3 ICP-OES measurements 
In order to determine the correlation between manganese deposition and capacity 
retention, the amount of manganese deposited on the LiMn2O4 composite and graphite 
electrode were measured after the capacity of the cells were measured. After disassembly 
from the coin cells, the cycled LiMn2O4 composite and graphite electrodes were 
immersed in 25% nitric acid in water for 24 hours to extract the manganese. Next, ICP-
OES measurements were carried out on the dissolved manganese from the positive and 
negative electrodes.. Samples were stored in 1 mL of EC: DMC (1:1 by volume) with 0, 
50 and 100 ppm of manganese ions at room temperature for 7 and 14 days.  
3.1.1.4 SEM and EDS measurements 
The coin cells were first made with Li metal as a negative electrode and 
manganese metal as a positive electrode with 1M of LiPF6 in EC: DMC (1:1 by volume) 
electrolyte and then cycled using the Potentiodynamic cycling method. The cycled 
manganese metal surface was cleaned with DMC (Dimethyl Carbonate) and scanned 
using SEM. Next, an elemental analysis was performed on the manganese metal surface 
by EDS. 
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3.2 Results 
 Experiment results 3.2.1
3.2.1.1 Cyclic Voltammetry (CV) measurements - Fresh graphite electrode  
Figure 3.1 shows the results of Cyclic Voltammetry for the fresh graphite electrode 
with 0, 100 and 200 ppm of manganese ions in the graphite/lithium half-cell during (a) 1
st
 
cycle, (b) 10
th
 cycle, and (c) 20
th
 cycle. First, there are changes in the peaks of anodic and 
cathodic currents depending on the manganese concentrations. In order to track the 
changes of reactions induced by manganese ions more thoroughly, the cathodic and 
anodic current peaks of the CV curve marked as A, B and C in Figure 3.1 (a) were 
extracted as shown in Figure 3.2(a), (b) and (c), respectively. Region A can be interpreted 
as the electrolyte reduction and manganese deposition peak, whereas regions B and C 
represent lithium intercalaction and deintercalation peak regions. Higher concentrations 
of manganese in the electrolyte cause increases in the cathodic current from 2.0V to 0.1V 
(vs. Li/Li
+
) and decreases in the anodic current peak from 0.3V to 0.6V (vs. Li/Li
+
) as 
well as in the cathodic current peak near 0.3V to 0.1V as shown in Figure 3.2(a), (b) and 
(c), respectively. Manganese deposition occurred during the reductive current scan below 
the standard redox potential of Mn/Mn(II), which is about 1.87V (vs. Li/Li
+
). After the 
manganese was deposited, subsequent electrolyte reduction reactions followed from the 
0.8V to 0.6V region (vs. Li/Li
+
). In the potential range of 0.5–0.2V, co-intercalation of 
the solvent and subsequent reduction of the electrolyte molecules occurred while forming 
SEI layer [12]. During the formation of SEI layer, electrolyte decomposition products 
such as (CH2OCO2Li)2,  ROLi, and  LiF were passivized on the graphite surface [13]. 
However, due to the higher reactivity of manganese metal on the surface, the electrolyte 
reduction accelerated more violently at the higher concentration of manganese in the 
electrolyte. Due to the additional electrolyte reduction and manganese deposition 
reactions, decomposed layers might grow thicker and hinder lithium ions from the 
intercalation/deintercalation process. Consequently, the ability for lithium to 
(de)intercalate into the graphite considerably decreased. It can be seen that the cathodic 
current from 0.2V to 0.1V and the anodic current from 0.1V to 0.4V (vs. Li/Li+) (where 
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lithium intercalation/deintercalation reactions dominate) decreased significantly as 
indicated in Figure 3.2 (b) and (c).  
Next, as the cycle number increases, redox current related to the lithium 
intercalation/deintercalation process increases, and current related to side reactions such 
as electrolyte reduction and manganese deposition decreases. As can be seen from (a) to 
(c) and Figure 3.2(c), the anodic current peak related to lithium deintercalation near 0.3V 
~ 0.6V increases and sharpens as the cycle number increases. This interfacial current 
increase was due to a slow wetting process of active material mass [14] with the 
subsequent progressive change in the nature of stable SEI layer on graphite [15]. 
Similarly, the cathodic current related to lithium intercalation also increased during the 
first few cycles as seen in Figure 3.2(b). On the other hand, the reductive currents 
between  2.0V to 0.5V (vs. Li/Li
+
), which is where manganese deposition and electrolyte 
reduction take place, diminish as cycle number increases, as seen in Figure 3.2 (a).   
Finally, manganese ions in the electrolyte created an additional oxidation reaction 
during initial cycling. The anodic current peak from 0.3V to 0.6V (vs. Li/Li
+
) decreased 
while broadening and also shifted to the higher potential region due to manganese ions in 
the electrolyte. It seems that there is an additional anodic current peak generated between 
0.3V to 0.6V which results in a broader current peak at the initial cycle. After 10 cycles, 
the broad anodic current peak narrows similar to the peak of the cell without manganese 
ions. Additional oxidation occurred due to the manganese ions at first, and these 
oxidation reactions fade away with time. It is supposed that this additional oxidation 
might be represented by the following reaction:   
 2 3 +   (1.545 V vs. Li/Li )Mn Mn e      (3.1) 
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Figure 3.1 Cyclic Voltammetry of fresh graphite electrode after adding different 
concentrations of manganese ions into the graphite/lithium half-cell during  (a) 1st cycle 
(b) 10th cycle (c) 20th cycle. CV was carried out at 0.5mV/s between 0.1V and 3.0V. 
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Figure 3.2  Current peak change after adding different concentrations of manganese into 
fresh graphite/lithium half-cell of the region (a) Mark A (b) Mark B (c) Mark C from Fig. 
1. CV was carried out at 0.5mV/s between 0.1V and 3.0V. 
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3.2.1.2 Cyclic Voltammetry (CV) measurements - Cycled graphite electrode  
Figure 3.3(a) shows the initial Cyclic Voltammetry (CV) curve right after adding 
different concentrations of manganese ions into the lithiated graphite/lithium cell. Since 
the cycled graphite samples contained lithium ions in the particles before the cell was 
reassembled, redox currents due to the lithium deintercalation process significantly 
increased at the initial cycle. On the other hand, it is observed that the higher 
concentration of manganese results in an additional increase of anodic current 
immediately after putting manganese into the first cycle. These phenomena were 
interesting because they are opposite results derived from the case of the fresh graphite 
electrode. Moreover, it can be noted that the intensities of the lithium deintercalation 
reactions were influenced by the amount of manganese ions in the cell. It seems that 
anodic current facilitates manganese oxidation and creates additional electrons from the 
reaction [1]. Thus, the increase of redox current due to manganese ions can be seen in Fig. 
17(a).  
Figure 3.3(b) shows the Cyclic Voltammetry curve of cycled lithiated graphite 
during the 5
th
 cycle after adding a different concentration of manganese. Similar to the 
fresh graphite electrode case, it is found that the higher concentration of manganese 
causes further decrease in reversible lithium intercalation/deintercalation currents. Both 
the cathodic and anodic current peaks in the 5
th
 cycle of the CV curve with a higher 
concentration of manganese ions were smaller than the lower concentration of manganese 
ions. Smaller interfacial currents can be interpreted as a decrease of the amount of lithium 
insertion/deinsertion into the graphite, resulting in capacity fade. As a result, the higher 
concentrations of manganese ions in the cell cause reduction of more reversible 
interfacial currents after a few cycles. 
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Figure 3.3 Cyclic Voltammetry of cycled graphite after adding 0, 50, 100, 150 and 
200ppm of manganese ions in the electrolyte added into the lithiated graphite/lithium cell 
during (a) 1
st
 cycle and (b) 5
th
 cycle. CV was carried out at 0.5mV/s between 0.1V and 
3.0V 
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Figure 3.4 Anodic current peak change after adding different concentrations of 
manganese into the cycled lithiated graphite/lithium half cell 
However, it is found that higher concentrations of manganese in the electrolyte have 
higher current peaks at the initial cycle and decrease further after the 2nd cycle. The 
anode current peak was remarkably decreased after the first cycle and stabilized after 
subsequent cycles, as shown in Figure 3.4. Considering the higher anodic current in the 
higher concentration of manganese at the initial cycling test, this means that more 
oxidation reaction occurred during the first CV cycle right after adding manganese ions 
into the cell. As can be seen from Figure 3.3(a), the manganese ions contributed to an 
increase of the cathodic current before manganese deposition occurs.  
Figure 3.5(a) shows the CV curve right after adding 100ppm of manganese ions into 
the de-lithiated graphite/lithium cell. The anodic and cathodic current remarkably 
decreased at the 1
st
 cycle of the CV after re-assembly of the cell, especially at higher 
concentrations of manganese ions. This result is contradictory to the previous CV results, 
which used lithiated graphite for the anode. A higher concentration of manganese caused 
a dramatic increase in the interfacial current in the lithiated graphite, whereas it caused a 
decrease in the de-lithiated graphite electrode. The main reason for this discrepancy is 
that the reduction of manganese and electrolyte occurred in the delithiated graphite 
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compared to the lithiated graphite during the first cycle before oxidation occurs. It is 
supposed that manganese ions have a positive effect on cell performance by increasing 
the redox current before the manganese ions deposit onto the graphite. However, the 
cathodic and anodic currents significantly decrease right after the reductive scan is 
finished, as shown in Figure 3.4.  
 
On the other hand, the Cyclic Voltammetry curve of cycled delithiated graphite 
during the 5
th
 cycle after adding a different concentration of manganese is shown in 
Figure 3.5(b). The higher concentration of manganese ions in the electrolyte causes a 
greater decrease in interfacial currents, as expected. It is expected that manganese ions 
deposit quickly onto the graphite surface because of the higher standard redox potential 
of Mn/Mn(II) (1.87 vs. Li/Li+) compared to the lithium intercalation of graphite (<0.3V 
vs Li/Li+) [10]. Right after manganese deposition on the graphite surface, deposited 
manganese may react with other components such as C and O originating from 
electrolyte reduction and form another electrolyte interface layer containing manganese. 
Manganese deposition on graphite not only forces cycle-able lithium to be deintercalated 
from the graphite, but also induces electrolyte reduction reactions, both of which result in 
significant capacity fade. Moreover, it will influence power performance. The exchange 
current due to lithium intercalation/deintercalation further reduces the higher 
concentration of manganese in the electrolyte, as shown in Figure 3.3(b). This negatively 
impacts power performance. 
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Figure 3.5 Cyclic Voltammetry of cycled graphite after adding 0, 100 and 200ppm of 
manganese ions in the electrolyte added into the de-lithiated graphite/lithium cell during 
(a) 1
st
 cycle and (b) 5
th
 cycle. CV was carried out at 0.5mV/s between 0.1V and 3.0V 
0 0.2 0.4 0.6 0.8 1
-1
-0.5
0
0.5
1
Potential vs. Li/Li
+
(V)
In
te
rf
a
c
ia
l 
C
u
rr
e
n
t(
m
A
)
 
 
0ppm
100ppm
200ppm
0 0.2 0.4 0.6 0.8 1
-1
-0.5
0
0.5
1
Potential vs. Li/Li
+
(V)
In
te
rf
a
c
ia
l 
C
u
rr
e
n
t(
m
A
)
 
 
0ppm
100ppm
200ppm
   
78 
 
3.2.1.3 Capacity measurements - Fresh graphite electrode  
Figure 3.6(a) and (b) show the respective charge and discharge capacity change of 
fresh graphite electrode with cycle number after putting different concentrations of 
manganese into the cell.  
In the first cycle, charge capacity decreased significantly due to SEI growth and 
irreversible electrochemical decomposition of the electrolyte. This common phenomenon 
is called irreversible charge loss (ICL) originating from solvent reduction and SEI 
formation, which is characteristic of the SEI layer [13]. However, higher concentrations 
of manganese ions in the electrolyte cause significant decrease of irreversible charge 
capacity when forming SEI layer on the graphite electrode. For example, the charge 
capacity of the cell decreased 37% when adding 200ppm of manganese ions and only 
17% when no manganese ions are injected, as shown in Figure 3.6(a). It is highly likely 
that manganese ions in the electrolyte are deposited earlier due to the higher standard 
potential compared to electrolyte reduction and SEI layer formation. Higher reactivity of 
deposited manganese induces additional electrolyte reduction and decomposed layer 
growth. The charge capacity of the graphite does not change meaningfully as cycle 
number increases after the first few cycles. Electrolyte reduction and manganese 
deposition reaction did not aggressively take place after the initial SEI layers was formed.  
On the other hand, discharge capacity does not decrease much compared to charge 
capacity during first few cycles [16]. However, discharge capacity of the graphite 
electrode was continuously decreased during those 20 cycles. It was obvious that higher 
concentrations of manganese caused greater capacity decrease. After 20 cycles, about 
15% of capacity decreased when 200 ppm of manganese ions in the electrolyte was added 
into the electrolyte as shown in Figure 3.6(b). Presumably, deposited manganese with 
electrolyte decomposition products on the graphite surface hinders the 
lithiation/delithiation process during cycling, which affects the unceasing decline of the 
discharge capacity of the cell. Moreover, the capacity of the cells kept decreasing as the 
cycle number increased, which means that passivation of the SEI layer was not fully 
established on the graphite surface. These results agreed with the previous study [2], 
which proposed that high electronic conductivity of the manganese metal formed on the 
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graphite surface might be the reason for this lack of passivation effect. It is suggested that 
the conversion reaction of lithium and trapped manganese in the SEI layer will constantly 
provide metallic manganese and cause continuous capacity fade as can be seen in Fig. 
20(b). 
 
Figure 3.6 (a) Charge and (b) Discharge capacity change of fresh graphite electrode with 
cycle number after adding 0, 100 and 200ppm of manganese ions in the electrolyte. 
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3.2.1.4 Capacity measurement - Cycled graphite electrode  
Capacity change of the cycled graphite electrode was measured before and after 
adding different concentrations of manganese in the electrolyte, as shown in Figure 3.7(a). 
Because the cycle-able lithium ions resided in the lithiated graphite electrode, the 
capacity slightly increased during the 4
th
 cycle when the cell was re-assembled after the 
formation cycle. Consistent with the previous CV findings using lithiated graphite (which 
determined that the redox current increased due to manganese oxidation), capacity 
increased more when higher concentrations of manganese in the electrolyte were added to 
the cell. Increases of discharge capacity were probably due to the additional electrons 
coming from manganese oxidation right after the addition of manganese ions. However, 
the decreased rate of capacity with higher concentrations of manganese ions was 
significantly higher than that of the lower manganese concentration. It seems that the 
manganese ions in the electrolyte increase capacities in the cell, which positively affect 
the cell during initial cycling before manganese deposition. However, manganese 
deposition and consequent side reactions eventually increase capacity decrease rate. For 
instance, about 50% of the capacity decreased after 15 cycles, when 200ppm of 
manganese ions was added into the cell.  
In order to support the claim that manganese ions improve capacity and cell 
performance before they deposit onto the graphite, additional experiments were 
performed. Cycled lithiated graphite was re-assembled with and without manganese ions 
and cycled between 2.0V to 3.0V with C/100 rate to avoid manganese from depositing 
and inducing side reactions on the graphite surface. Upon discharge of the lithiated 
graphite electrode, manganese oxidation should occur when the voltage rises from 0.1V 
to 3.0V. However, manganese deposition and electrolyte reduction is avoided by limiting 
the potential window from 3.0V to 2.0V of the cathodic current. C/100 charge and 
discharge rate was used in this experiment since the amount of lithium which can be 
inserted into the graphite is very limited. Figure 3.7(b) shows the discharge capacity of 
graphite before and after adding 0 ppm and 200 ppm of manganese ions into the 
electrolyte, respectively. It is obvious that manganese ions contribute to increase 
discharge capacity if they do not deposit on the graphite and provoke side reactions.  
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Figure 3.7 (a)Cycled lithiated graphite was re-assembled with and without manganese 
ions and cycled between 2.0 V to 3.0 V with C/100 rate. (b) Cycled lithiated graphite 
electrode was re-assembled after 2nd cycle. 
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3.2.1.5 Electrochemical Impedance Spectroscopy (EIS) measurements 
Typical impedance spectra for a graphite composite electrode composed of a 
semicircle with an inclined slope can be seen in Figure 3.8 and Figure 3.9. By separating 
the frequency region of the EIS spectra, reactions and electrochemical characteristics of 
the electrode and electrolyte such as contact, charge transfer resistance and diffusion can 
be identified. The far left point of the semicircle in the higher frequency domain relates to 
the contact resistance of electrode and electrolyte, while the radius of the semicircle in 
the mid-range frequency zone is the charge-transfer reaction at the electrolyte/electrode 
interface. The inclined line connected to the semicircle on the right indicates the diffusion 
of lithium into the electrode. Figure 3.8(a) and (b) show the EIS spectra with different 
concentrations of manganese ions in the electrolyte at 0.1 and 0.7V, respectively. 
Impedance spectra shift to the right as the concentration of manganese ions in the 
electrolyte increases, implying contact resistance increase. Moreover, the radius change 
of the impedance spectra semi-circle also increased, which is closely related to the charge 
transfer resistance of the cell. Lastly, lithium diffusion into the graphite electrode is 
limited due to manganese ions. For instance, it can be clearly seen that the slope of the 
impedance spectra of the diffusion region with 0 ppm of manganese in the electrolyte is 
steeper than samples of different concentrations shown in Figure 3.8(a). It is well known 
that LiF generated from the salt reduction and ROCO2Li formed by the solvent reaction 
are the main contributors for increasing interfacial resistance at the surface of the 
graphite. These electrolyte and salt reduction processes will be accelerated when 
manganese ions are present in the electrolyte by depositing as a metallic state and acting 
as a catalyst on the graphite surface. EIS measurements confirm that the deposited 
manganese and additional interface layer also contribute to increasing contact and charge 
transfer resistance by impeding the lithium intercalation/deintercalation process and 
hindering the diffusion process into the graphite. These reactions will continuously 
degrade and decrease cell performance and capacity, respectively.  
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Figure 3.8 EIS spectra with 0, 50, 100, 150 and 200ppm of manganese ions in the 
electrolyte at (a) 0.1V and (b) 0.7V. AC impedance spectra were obtained by applying 
the waves with an amplitude of 5 mV over a frequency range from 100 kHz to 10 mHz. 
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Figure 3.9(a) and (b) show the EIS spectra at different voltages with 0 ppm and 50 
ppm of manganese in the electrolyte, respectively. High frequency resistance remained 
similar throughout the voltage range. However, most of the impedance change was due to 
charge transfer resistance increase shown as the increase of the radius in the semi-circle 
in the figure. The amount of lithium in the graphite continuously decreases as the voltage 
of the cell increases from 0.1V to 0.9V. Since different amounts of the lithium are present 
in the graphite at different voltages, the charge-transfer resistance also changes with 
different voltages as expected because charge transfer resistance is SOC-dependent (41).  
3.2.1.6 ICP-OES measurements for the amount of deposited manganese during cycling 
In order to validate the hypothesis that capacity fade and redox current peak 
decreased due to manganese deposition, the amount of manganese on the graphite was 
measured using ICP-OES after the capacities were verified. As expected, higher 
concentrations of manganese added into the cell result in larger amounts of manganese 
deposition on the graphite as shown in Table 3.1. In addition, higher concentrations of 
manganese ions in the electrolyte contribute to larger discharge capacity loss as shown in 
Figure 3.6(a). Therefore, capacity decrease in the graphite anode is proportional to the 
amount of manganese ions added into the cell due to manganese deposition and its side 
reactions.  
3.2.1.7 ICP-OES measurments for the amount of lithium loss during storage 
The concentration of lithium was measured to investigate the correlation between 
manganese ions in the electrolyte and the amount of lithium deintercalation from the 
lithiated graphite electrode. The lithiated graphite electrode was put into the electrolyte 
with different concentrations of manganese and stored for 7 and 14 days in order to 
observe the effect of manganese on the charged graphite anode. Table 3.2shows the 
amount of deposited manganese on the graphite and the amount of lithium in the 
electrolyte measured using ICP-OES.   
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Figure 3.9 EIS spectra at 0.1, 0.3, 0.5, 0.7, and 0.9V (vs. Li/Li+) with adding (a) 0 ppm 
and (b) 50 ppm of manganese ions in the electrolyte. AC impedance spectra were 
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obtained by applying the waves with amplitude of 5 mV over a frequency range from 100 
kHz to 10 mHz. 
 
As expected, higher concentrations of manganese ions put into the electrolyte cause 
the deposition of more manganese on the graphite surface. Moreover, the amount of 
dissolved lithium in the electrolyte is increased if we put higher concentrations of 
manganese in the electrolyte. Even with 0 ppm of manganese in the electrolyte, 2.7 mols 
of lithium were dissolved into the electrolyte, which might be produced from lithium 
deintercalation due to the self-discharge of lithiated graphite. For instance, during long-
term storage in open circuit voltage conditions, a current leakage will contribute to 
building the SEI layer by reacting with the electrolyte. Moreover, protic species coming 
from water are also reducible by consuming electrons from the graphite [17]. 
 
2
1
2
H e H     (3.2) 
 
2 2
1
2
H O e H HO      (3.3) 
However, we can clearly see the effect of manganese ions since the amount of 
lithium coming out from the graphite remarkably increased as the larger amount of 
manganese was deposited. Moreover, the number of mols of lithium deinserted from the 
graphite was much higher than that of deposited manganese. These results show that 
manganese ions cause more than just the manganese-lithium exchange mechanism,    
 2
6 2 6 2x x yyMn Li C yMn Li C yLi
 
      (3.4) 
which might be only the small portion of capacity decrease from the overall capacity 
degradation. 
From the results, the amount of lithium deintercalated from the lithiated graphite 
was significantly increased due to the manganese ions more so than by the stoichiometric 
amount of lithium from the manganese-lithium exchange mechanism [8, 9]. It is 
supposed that the additional formation of decomposed layers induced by manganese 
deposition provokes the generation of decomposed products such as LiF and RCOOLi, 
which additionally consume lithium from the graphite electrode.  
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Manganese 
concentration (ppm) 
The amount of manganese 
deposited on the graphite(ug) 
50 8.7783±0.18 
100 14.528±0.83 
150 28.078±1.35 
200 31.378±1.81 
 
Table 3.1 The measured amount of manganese deposited on the graphite with adding 
different concentration of manganese using ICP-OES after capacities were measured 
shown in Figure 3.6. 
 
 
 
Table 3.2 The amount of deposited manganese on the graphite and dissolved lithium in 
the electrolyte. The graphite negative electrode was discharged with lithium metal (a 
reference electrode) and held at 0.05V (x is about 0.9 in LixC6) for 3 hours before storage 
to achieve lithiated graphite electrodes. Samples were stored in 1 mL of EC: DMC (1:1 
by volume) with different concentrations of manganese with 0, 50 and 100ppm at room 
temperature for 7 and 14 days. 
 
duration 
Mn 
concentration 
(ppm) 
The amount of deposited 
manganese on graphite 
(mol) 
The amount of dissolved 
lithium in electrolyte (mol) 
7days 0 0.00102 2.7492 
7days 50 0.10584 3.4841 
7days 100 0.17673 4.4027 
14days 0 0.00134 2.7564 
14days 50 0.11412 5.4639 
14days 100 0.15899 6.3739 
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3.2.1.8 SEM and EDS measurements 
The current research predicted that deposited manganese metal induces the creation 
of decomposed layers with electrolyte reduction products on the graphite surface.  In 
order to examine the suggested hypothesis, microscopic observations and elemental 
analysis were conducted via SEM and EDS, respectively. For clear observation of the 
layer generated on the manganese metal surface, the current study replaced the graphite 
anode with manganese metal. Figure 3.10 and Figure 3.11 show the images of the 
manganese metal before and after cycling as well as EDS spectra on the manganese 
surface, respectively.  By comparing fresh and cycled manganese metal surfaces, it 
became clear that the additional decomposed layers are formed on the manganese metal 
surface. From the EDS spectra analysis, C, F and P element were detected in the cycled 
manganese metal surface as seen in Figure 3.11(b). These elements originated from the 
electrolyte decomposition product of the electrolyte and are the components of additional 
layers provoked by manganese metal surfaces. Similar processes can take place in the 
deposited manganese on the graphite anode surface.  
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Figure 3.10 (a) fresh Mn metal surface with 118X magnification (b) EDS spectra on 
fresh Mn surface. 
 
 
 
   
90 
 
 
 
Figure 3.11 (a) cycled Mn metal surface with 118X magnification (b) EDSspectra on the 
cycled Mn surface. 
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3.3 Conclusions 
From the results, it is obvious that manganese ions in the electrolyte provoke not 
only the dissolution of lithium in the electrolyte by reduction of manganese but also the 
formation of additional decomposed layers with electrolyte reduction products on the 
graphite electrode surfaces. Due to the higher reactivity of manganese metal on the 
surface, electrolyte reduction accelerates more violently when the higher concentration of 
manganese in the electrolyte is added to the cell. Due to solvent reduction and SEI 
formation at initial cycle, charge capacity of the cell decreased 37% when adding 
200ppm of manganese ions and only 17% when no manganese ions are injected. 
Moreover, the amount of lithium deinserted from the graphite anode also increases due to 
manganese deposition. These processes will also contribute to form thicker decomposed 
layers on the graphite surface and hinder the lithium transport process, which causes 
contact resistance and charge transfer resistance increase. After 20 cycles, about 15% of 
discharge capacity decreased when 200 ppm of manganese ions in the electrolyte was 
added into the electrolyte. All these side reactions cause significant irreversible interfacial 
currents and discharge capacity decrease, which should be prevented to improve the cycle 
life of the battery electrode. Previous studies have not reached consensus on the oxidation 
state of manganese present in the SEI layer of the graphite. Since Mn metal is very 
reactive, it might be difficult to detect that from XPS. This is probably why several XPS 
measurements only observed an oxide form of Mn [1, 2, 6, 7], whereas some studies 
observed metallic state of manganese [4, 5]. 
From the various measurements of different graphite samples, the summary of the 
effect on the fresh, lithiated and delithiated graphite electrode due to the manganese ions 
are as follows: 
1. Capacity and redox current increased due to the manganese ions before 
they deposited onto the graphite electrode and induced side reactions. However, 
right after manganese deposition, the redox current dramatically decreased. 
Moreover, capacity continuously decreased as the cycle number increased, which 
should mainly be caused by cell impedance rise.  
   
92 
 
2.   Higher concentrations of manganese ions cause increases in currents 
related to side reactions but decreases in redox currents of reversible lithium 
intercalation/deintercalation reactions for both fresh and cycled graphite after 
manganese deposition occur.  Moreover, capacity of the cell dramatically 
decreased, and impedance of the cell significantly increased.   
3. Irrevesible side reactions such as electrolyte reduction and manganese 
deposition dominated the reaction when initially adding manganese ions into the 
cell. However, reversible lithium intercalation/deintercalation reactions increase 
and irreversible reactions fade away as the cycle number increases for both 
electrodes. 
4.  Interactions between Mn ions and SEI layer affect cell performance 
significantly. Decomposition of the electrolyte accelerated due to the higher 
conductivity of the manganese which also influences SEI layer formation. For 
instance, the side reaction due to the insertion of manganese ions quickly decline 
in the cycled graphite electrode compared to the fresh one. The current peak of 
the cycled graphite electrode changes during the 2
nd
 cycle immediately as shown 
in Fig. 28., whereas the current peak of the fresh graphite electrode slowly 
transferred to the reversible peak around the 5
th
 cycle. When the manganese ions 
were initially put into the cell, the manganese ions seem to be deposited before 
the SEI layers are formed due to the higher standard redox potential (1.87 V vs. 
Li/Li
+
). Since deposited manganese metal has a higher reactivity than the graphite 
surface, subsequent electrolyte reduction reactions might be facilitated.  In this 
process, side reactions due to manganese deposition progress rather slowly since 
this reaction will be accompanied by SEI layer formation throughout the whole 
graphite electrode area. However, when the manganese ions were put into the cell 
after SEI layers are present, they react and decrease redox current and capacity 
very quickly.    
5.   The operation voltage window of the cell is more critical to cell 
performance than the lithiation status of the graphite electrode when Mn ions are 
introduced to the cell. When the operating voltage is higher than the standard 
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potential of Mn deposition, the capacity of the cell does not decrease due to the 
Mn ions as shown in Fig. 21(b).  
These interesting observations from the previous results suggest that manganese ions 
in the electrolyte positively affect capacity and cell performance if they are not deposited 
onto the graphite surface. Cell performance will be greatly improved due to manganese 
oxidation if manganese ions are prohibited from depositing onto graphite. Moreover, the 
presence of manganese ions in the electrolyte will reduce the generation of Mn
2+
 ions 
from the manganese-based cathode materials. Thus, different additives and coatings that 
prevent manganese deposition on the graphite might be one of the critical ways to 
improve capacity and cell performance.     
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 CHAPTER 4
THE EFFECT OF ACTIVE MATERIAL, CONDUCTIVE ADDITIVES AND 
BINDER OF COMPOSITE ELECTRODE ON BATTERY PERFORMANCE 
Selecting a proper format of electrode is important to maximize the battery usage, 
capacity, and performance in various applications. Among various electrode formats, 
composite electrode is the most widely used in current industry. While lithium 
intercalation compounds provide high potential and high gravimetric energy densities, 
both polymer binder and conductive additives are used to maintain a firm structure and to 
provide continuous conduction path. Due to low conductivity of the lithium intercalation 
compounds, conductive additives such as carbon black or acetylene black are added to 
composite electrode. In order to stick active material and conductive additives together 
without reacting with electrodes and electrolyte, polymer binder such as PVDF and 
EPDM is needed. However, conductive additives and polymer binder are both 
electrochemically inactive material. Too much adding conductive additives and polymer 
binder into the electrode sacrifices total capacity of the cell whereas too low adding them 
cause decrease in electronic conductivities and mechanical integrity of the electrode, 
respectively.  
In order to improve the battery capacity and cell performance, detailed 
investigation of the effect of the conductive additives and the polymer binder on battery 
performance is critical. Numerous studies were performed to investigate the effect of 
each constituent material by considering different parameters. For instance, in order to 
achieve highest specific energy for Li(Ni1/3Co1/3Mn1/3)O2, ionic conductivity, electronic 
conductivity and porosity were investigated with different ratio of constituents [4]. 
Electronic conductivity and discharge capacity were also examined to achieve the highest 
capacity by varying LiMn2O4 and carbon black contents. [5]. Furthermore, optimal 
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electrode utilizations for specific energy or power performance were proposed by using 
effective conductivity model. This effective conductivity model described the polymer 
binder distribution between conductive additives and polymer binder [6]. These findings 
suggest that the amount of conductive additives and polymer binder included in the 
electrode also influence different properties and parameters of the battery performance.  
For instance, conductive additives in the composite electrode increase the overall 
surface area of the electrode because conductive additives have larger surface area than 
active materials. Conductive additives also increase the electronic conductivity of the 
composite electrode and decrease the ohmic resistances of the electrode. Moreover, they 
enhance the lithium intercalation/deintercalation reactions between electrode and 
electrolyte interfaces and generate more power of the battery. However, it is also reported 
that conductive additives also accelerate the side reaction of the battery. Primary side 
reactions [1] such as electrolyte decomposition, SEI layer formation and manganese 
dissolution also originated from the reactions between electrode and electrolyte interface. 
Intensity of these side reactions mainly influenced by the electrode area contacted with 
electrolyte as well as the porosity of the composite electrode.  For example,  Marks et al. 
[2] measured coulombic efficiency of two Li/graphite cells with one contained 4 wt% by 
weight Super-S carbon black and the other with 7 wt %. The coulombic efficiency of the 
electrode containing more carbon has more detrimental effect since SEI layer formation 
was boosted due to higher surface area. Similarly, manganese dissolution will be 
accelerated if more carbons are included in the positive composite electrode due to the 
higher surface area. Moreover, it is also suggested that solvent oxidation on the carbon 
surface is also responsible to increase Mn dissolution of the cathode. It is found that the 
dissolution of manganese was accelerated at higher potential especially over 4.0V. It is 
claimed that operating battery cell in the high voltage region is closely related to the 
current rise due to the solvent oxidation. [3] It is highly likely that not only due to higher 
surface area of the carbon but also the catalytic effect which accelerates solvent oxidation 
on the carbon surface also increase the manganese dissolution.  
On the other hand, previous literature also reveal that higher ratio of polymer 
binder to conductive additives increase the interfacial resistance by ion- blocking effect at 
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higher binder contents in the electrode [7]. However, it also showed that too little amount 
of binder also increases the resistance because binder cannot maintain firm structure of 
the electrode. Thus, there must be optimal ratio among conductive additives, polymer 
binder and active material which maximizes the battery performance.  
Although many of the literatures focused on different properties and performance 
of the cell such as resistance, conductivity and capacity of the electrode to optimize the 
electrode material, the effects of side reactions on the cell performance were often 
neglected. Since manganese dissolution is one of the most important degradation 
phenomena in the LiMn2O4 cathode material, the changes in capacity and cell 
performance due to manganese dissolution should be considered. Therefore, this chapter 
investigates the effect of conductive additives and binder from LiMn2O4 composite 
electrode on capacity fade in terms of manganese dissolution, electronic conductivity and 
impedance.  
Our specific objectives of this study were as follows: 
1) to measure the amount of manganese dissolved into the electrolyte, conductivity and 
interfacial resistance change from composite electrode with different composition of 
active material, additive material and PVDF binder in different conditions  
2) to correlate the manganese dissolution and binder effect with cycling performance 
3) to simulate capacity fade due to manganese dissolution and binder effect using 
numerical simulations 
4.1 Methods 
The current study builds on previous developed Pseudo-2D electrochemical 
model in chapter 2 and expands our understanding of electrode degradation by using 
updated simulation parameters with different composition ratio among active material, 
carbon black and PVDF binder in LiMn2O4 composite electrode. In addition, key 
parameters such as the surface area, electronic conductivity, and the amount of 
manganese ions were measured and included in our simulations in an effort to better 
understand these phenomena. However, this work only considered the active material 
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loss due to Mn dissolution .The effect of side reactions and degradation of electrode due 
to Mn dissolution considered in chapter 2 was neglected in this work. 
 Experiment methods 4.1.1
4.1.1.1 Sample Preparation 
Fresh LiMn2O4 composite electrodes were made from LiMn2O4 electrochemical 
grade powder (Sigma-Aldrich), carbon black (TIMCAL) and PVDF (Kureha KF 7208) 
binder with different weight ratio among them. They were mixed together using Speedo 
Mixer (FlackTek Inc.) for 30 minutes. The mixed slurry was coated on a thin aluminium 
foil and dried in a vacuum at 100 °C for 24 hours, then transferred into an Ar-filled glove 
box without exposure to ambient air.  
Table 4.1 shows different samples with different composition of the active 
material, carbon black and PVDF binder. Total 11 samples were prepared. First 4 
samples have same amount of active material (85 %) but the ratio between carbon black 
and PVDF was changed from 1:1 to 0.4:1. Next four samples also have the same amount 
of active material (90%) with different ratio of CB/PVDF accordingly.  By using these 8 
samples we can compare three different composition factors depending on the materials.  
In addition, sample 9, 10 and 11 has twice the amount of active material, carbon 
black and PVDF binder compared to the sample 1, respectively.  The effects of each 
component on cell parameters and performance with respect to the absolute amount of 
each component (not the composition ratio) can be compared using sample 1,9,10 and 11. 
Next, LiMn2O4 positive electrodes were assembled to sealed 2032 type coin cells 
(MTI) with a Lithium foil (Alfa Aesar) counter and reference electrodes with a separator 
(Celgard 2320). Formation cycling was performed three times at C/10.  
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Sample 
number 
Active 
Material(g) 
Carbon 
Black(g) 
PVDF 
binder(g) 
Ratio of Active material: 
Carbon Black :PVDF 
(CB:PVDF) 
1 1.7 0.15 0.15 85:7.5:7.5 (1:1) 
2 1.7 0.1333 0.1667 85:6.67:8.33 (0.8:1) 
3 1.7 0.1125 0.1875 85:5.63:9.38 (0.6:1) 
4 1.7 0.0857 0.2143 85:4.29:10.71 (0.4:1) 
5 1.8 0.1 0.1 90:5:5 (1:1) 
6 1.8 0.0889 0.1111 90:4.44:5.56 (0.8:1) 
7 1.8 0.075 0.125 90:3.75:6.25 (0.6:1) 
8 1.8 0.0571 0.1428 90:2.86:7.14 (0.4:1) 
9 3.4 0.15 0.15 91.89:4.05:4.05 (1:1) 
10 1.7 0.3 0.15 79.07:13.96:6.97 (2:1) 
11 1.7 0.15 0.3 79.07: 6.97: 13.96 (1:2) 
Table 4.1  Cathode electrode sample ratio among active material, carbon black and PVDF 
binder. Total 8 samples of the electrodes were prepared. 
 
 
Sample slope(V/mA) 
Coating 
thickness(inch) 
resistance(ohm*cm) conductivity(S/m) 
1 0.1767 0.001 2.034 49.15 ±5.1 
2 0.4195 0.001 4.829 20.70 ±2.3 
3 0.498 0.0012 6.879 14.53 ±1.1 
4 3.664 0.001 42.18 2.370 ±0.2 
5 0.1958 0.0015 3.381 29.57 ±3.2 
6 1.266 0.0007 10.20 9.802 ±0.9 
7 0.7353 0.003 25.39 3.937 ±0.4 
8 5.881 0.001 67.70 1.477 ±0.2 
 
Table 4.2 Conductivity measurements with different composition ratio of LiMn2O4 
composite electrode samples 
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4.1.1.2 Measurement of electronic conductivity 
The conductivity of a composite electrode is measured using four point probe 
method. In order to measure the conductivities of the different ratios of active material, 
carbon black and PVDF binder, the mixed slurries of composite electrode were pasted on 
the heat resistant glass substrate. Slurries were dried in a vacuum at 100 °C for 24 hours.  
Four point probe dc method was applied into the composite electrode on the glass 
substrate directly using EC-lab VMP3 Biologic potentiostat. Voltage difference was 
measured from inner two probes and the current was supplied and extracted from outer 
two probes. The electronic conductivity of the composite electrode was calculated [8] as 
 
ln(2) 0.221I I
t V t V


   
    
   
  (4.1) 
4.1.1.3 Electrochemical measurements 
Capacity was measured using LiMn2O4 composite electrode/lithium half-cells 
with C/2 from 3.5V to 4.5V for 30 cycles. 
 Electrochemical Impedance Spectroscopy (EIS) measurements were performed 
to measure impedance change due to the different ratio among active material, carbon 
black and PVDF binder. Each concentration of manganese was measured with EIS at 
different voltages (3.5, 3.7, 3.9, 4.1 and 4.3 V). Before conducting EIS measurements, the 
cells were rested in the Open Circuit Voltage (OCV) condition for 2 hours to stabilize for 
accurate measurement. AC impedance spectra were obtained by applying sinusoidal 
waves with an amplitude of 5 mV over frequencies ranging from 100 kHz to 10 mHz. 
 Simulation methods 4.1.2
In order to investigate the changes in cell performance with different ratio of 
active material, carbon black and PVDF binder, numerical simulations were implemented. 
Different carbon black and PVDF ratio will influence different parameters such as the 
electronic conductivity, interfacial resistance and manganese dissolution rate of the 
electrode. Using the electronic conductivity measurements, electronic conductivities of 
   
102 
 
different samples were estimated. Manganese dissolution rate was measured using ICP-
OES. Interfacial resistance was measured using Electrochemical Impedance 
Spectroscopy (EIS). These parameters are transferred into the numerical simulation 
developed in Chapter 2 which can predict battery performance with more accuracy since 
these parameters also influence other parameters simultaneously.    
Interfacial resistance change due to PVDF binder was considered in the 
simulation by using equation (4.2). If we measure the charge transfer resistance at same 
voltage, only reaction rate constant k0 changes in the equation. It is hard to achieve the 
exact value of each parameter in the experiment, relative charge transfer resistance ratio 
is used to provide the relative value in the simulation. In this equation (4.2), R is a gas 
constant, T is temperature, ne is the number of electron exchange, F is Faraday‘s constant, 
cmax is the maximum solid phase concentration, k0 is a reaction rate constant and x is the 
intercalation level. 
  
 
2 2 0.5 0.5 0.5
max 0 ( ) (1 )
ct
e Li
RT
R
n F c k M x x


  (4.2) 
4.2 Results 
 Experiment results 4.2.1
4.2.1.1 Four point probe conductivity measurements  
Table 4.2 shows the electronic conductivity measurements of LiMn2O4 composite 
electrode samples with different ratio of active material, carbon black and PVDF binder. 
It can be clearly seen that the conductivity of the electrode significantly varied among the 
different samples. For example, the sample 1 has more than 30 times higher electronic 
conductivity compared to the sample 8. These results mainly come from the amount of 
carbon black in the composite electrode. Electronic conductivity of LiMn2O4 is only 
about 0.2 x10
-6 
~2x10
-6
, the conductivity of overall composite electrode is highly 
dependent on the amount of carbon black [9-11].  
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4.2.1.2 Manganese dissolution due to different PVDF/C ratio 
Figure 4.1 shows the amount of dissolved manganese ions in the electrolyte with 
different ration of active material, carbon black and PVDF binder. Higher ratio of carbon 
black to PVDF binder in the electrode causes more Mn dissolution. Moreover, the 
amount of dissolved manganese ions increases considerably when active material is 90% 
compared to 85%. This means that the amount of carbon black is more influential factor 
than the amount of active material on manganese dissolution in the composite electrode.  
4.2.1.3 Interfacial resistance due to different PVDF/C ratio 
In addition to manganese dissolution and electronic conductivity change, 
interfacial resistances also change significantly due to different ratio of PVDF and carbon 
black. Figure 4.2 shows the EIS spectra with different amount of active material and 
C/PVDF ratio. When active material is 90% and C/PVDF ratio is 0.4, the impedance of 
the electrode significantly increased compared to other samples due to the imbalance of 
the amount of active material, carbon black and PVDF. Because the amount of PVDF 
was too much compared to the amount of carbon black, electronic conductivity of the 
composite electrode was significantly decreased.  
In order to track the changes of impedance more thoroughly, the interfacial 
resistance changes in Figure 4.2 were extracted as shown in Figure 4.3. As the voltage 
goes higher, the interfacial resistance tends to become smaller due to the effect of the 
decrease of hopping length governed by the decrease of the numbers of electron carriers. 
When active material is 90% and C/PVDF ratio is 1, impedance was smallest 
among different ratio of C/PVDF samples. This result indicates that the ratio of C/PVDF 
contributes more to increase the total resistance than the amount of the active material. 
Moreover, impedance of the cell increased more with smaller PVDF/C ratio when there is 
the same amount of active material (85%). It means that interfacial resistance increased 
when the amount of PVDF is increased. Thus, interfacial resistance is mostly influenced 
by the amount of PVDF whereas manganese dissolution is affected by the amount of 
carbon black. The amount of dissolved manganese and interfacial resistance value due to 
different components of the electrode will be transferred to the numerical simulations. 
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Figure 4.1 the amount of manganese dissolved in the electrolyte with different C/PVDF 
ratio after  (a) 15 cycles and (b) 50 cycles 
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Figure 4.2. EIS spectra with different C/PVDF ratio 
 
 
Figure 4.3 interfacial resistance change with different voltage and AM, PVDF/C ratio 
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4.2.1.4 Simulation results due to different PVDF/C ratio 
Figure 4.4 shows the capacity change with increasing cycle number with different 
PVDF/C ratio considering electronic conductivity, manganese dissolution and binder 
effect.  In order to understand the effect of each parameter, only the effect of electronic 
conductivity and manganese dissolution was considered in Figure 4.4(a). Since the 
manganese dissolution accelerates with time, the capacity will decrease as the cycle 
number increases. Thus, the higher ratio of carbon black to PVDF causes more capacity 
decrease as cycle number increases. As can be seen in Figure 4.4(a), the slope of the line 
is steeper when the amount of carbon black is increased in the electrode.  
Due to the different conductivity of the electrode, the initial value of the capacity 
slightly changed. However, the electronic conductivity itself does not affect too much on 
the capacity since the electronic conductivity is large enough even though the electronic 
conductivity is minimum. On the other hand, the changes in resistance due to different 
PVDF/C ratio influences on the capacity significantly. Figure 4.4(b) shows the capacity 
change due to different C/PVDF ratio of the electrode considering manganese dissolution, 
impedance and electronic conductivity. It can be seen that capacity decreases as the 
amount of binder increases, up to 10% decrease of the capacity in the case of C/PVDF = 
0.4 compared to the C/PVDF is 1. This result indicates that interfacial resistance is 
important factor which determines the initial capacity of the system. However, as the 
cycle number increases, the capacity decreased more rapidly when there is more carbon 
black in the composite electrode. Moreover, this work only considered the active material 
loss due to Mn dissolution. If the effect of side reactions and degradation of electrode due 
to Mn dissolution are considered in this simulation, the capacity decrease of the cell will 
be more significant. Thus, it is important to consider the side reactions of the battery 
system especially during long-term cycling. 
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Figure 4.4 Capacity change with cycle number with different C/PVDF ratio when 
considering parameters of (a) electronic conductivity and Mn dissolution and (b) 
electronic conductivity, Mn dissolution and binder effect 
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4.2.1.5 Experiment results due to different PVDF/C ratio 
In order to validate the simulation results, experiments are also performed with 
different C/PVDF ratio. Figure 4.5 shows the voltage profile with different C/PVDF ratio 
within the same amount of active material in the electrode. It can be seen that ohmic drop 
of the profile is significantly larger when C/PVDF ratio is 0.4 compared to C/PVDF ratio 
is 1 due to the higher resistance of the binder effect.   
Figure 4.6 shows the changes in the discharge capacity of the LiMn2O4 composite 
electrode with cycle number. The trend of the capacity profile from the experiment is 
similar to the simulation results which can be seen in Figure 4.4(b). From the experiment 
results, a sample with C/PVDF ratio =0.8 shows the best performance among other 
samples. The major difference between simulation and experiment results is the initial 
value of capacity of C/PVDF is 1 and 0.8 in Figure 4.6. The initial capacity of the sample 
with C/PVDF=1 was largest in the simulation whereas the initial capacity of sample with 
C/PVDF=0.8 was largest in the experiment. This discrepancy may be originated from the 
estimation of the relative charge transfer value, which should be different with the real 
experiment value.  
The initial capacity of the electrode is governed by the electronic conductivity and 
interfacial resistance. Initial capacity significantly decreased when C/PVDF ratio is 0.4 
due to the ohmic drop of the cell. Higher ratio of polymer binder to conductive additives 
increases the interfacial resistance by ion- blocking effect at higher binder contents in the 
electrode. However, initial capacity also slightly decreased when C/PVDF ratio is 1. If 
there is too much carbon black in the composite electrode compare to the PVDF binder, it 
is not sufficient to cover all the active material and carbon black.  
The slope of the capacity is mainly influenced by the manganese dissolution. It 
can be also seen that the slope of the capacity decrease is steeper at higher C/PVDF ratio 
due to Mn dissolution. Higher amount of carbon black increases the utilization and power 
performance of the electrode, but also increases dissolution of the manganese and other 
side reactions. These results show that there is a trade-off among the amount of carbon 
black, conductive additives and active material. It is important to find an optimal ratio of 
C/PVDF/active material to maximize the battery capacity. 
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Figure 4.5 Voltage profile of LiMn2O4 composite electrode with  (a)  active material is 
90% and , C/PVDF  is 1 and (b) active material is 90% and , C/PVDF  is 0.4 
 
 
Figure 4.6 Capacity change with cycle number with different C/PVDF ratio 
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4.3 Conclusions 
Active material, conductive additives and binder effect of composite electrode on 
battery performance was investigated using various experiments such as conductivity 
measurement, EIS, capacity measurements and computational techniques. It is found that 
higher ratio of polymer binder to conductive additives increase the interfacial resistance. 
Moreover, increase in carbon contents of the electrode results in increase of dissolved 
manganese ions from the LiMn2O4 composite electrode. Carbon-dependent dissolution 
rate and PVDF-dependent resistance were observed, which implies that these factors 
should be considered for optimize the battery performance. Pseudo 2D electrochemical 
model was updated with measured parameters such as conductivity, dissolution and 
impedance. Cell performance changes with different component ratio of active material, 
carbon black and PVDF binder from the simulation results show the similar trend with 
the experiment data. Also, manganese dissolution becomes important as cells cycle 
longer due to the accumulation of dissolution. At initial cycle, our simulation predicted 
that difference of the discharge capacity was up to 10% in the case of C/PVDF = 0.4 
compared to the C/PVDF is 1. This difference is mainly originated form the difference in 
interfacial resistance among different samples. However, the capacity difference is 
narrowed to 8 % after 100 cycles due to the Mn dissolution. Therefore, composition ratio 
among active material, carbon black and PVDF binder in LiMn2O4 composite electrode is 
the critical factor that determines the battery performance. By considering all these major 
parameters that influence the cell performances, investigation of optimal ratio of the 
constituents will be performed in the future.  
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 CHAPTER 5
ELECTRONIC AND BONDING PROPERTIES OF LiMn2O4 SPINEL WITH 
DIFFERENT SURFACE ORIENTATIONS AND DOPING ELEMENTS AND 
THEIR INFLUENCE ON MANGANESE DISSOLUTION 
 Rechargeable batteries using lithium intercalation compounds as the cathode 
have been extensively studied during the past decade. However, lithium intercalation 
compounds exhibit significant capacity fading, especially during long-term cycling or 
storage at elevated temperatures [1-4]. One of the key mechanisms of Li-ion battery 
degradation involves transition metal dissolution from the cathode materials [5, 6]. 
Among the various lithium intercalation compounds based upon transition metals, which 
include Mn, Ni, Co, Fe, and Zn, those based upon manganese showed the largest amount 
of metal ion dissolution [7].  Substantial efforts have been made to understand manganese 
dissolution mechanisms and further improve battery performance. 
Manganese dissolution is an interfacial reaction between the electrode and the 
electrolyte that relies, to a large extent, upon the surface structures and orientations of the 
materials. To understand the mechanisms of manganese dissolution, it is essential to 
understand the reactions taking place at the electrode-electrolyte interface. These 
reactions depend on the stability, structures, and changes in energy at the electrode 
surface. Accordingly, electrode surface properties and processes of the have been widely 
studied using both experimental and computational techniques. For instance, the faceting 
of solid-state reacted LiMn2O4 powder particles with different orientations was 
experimentally investigated. [8] TEM analysis showed that (111) planes possess the 
lowest surface energy among the low-index surface planes. First-principle calculations 
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have been also used to study surface properties of LiMn2O4 spinel. Benedek et al. 
investigated the surface energies and oxidation states of LiMn2O4 spinels with low index 
surface structures. [9] Karim et al. revisited the calculation of surface properties and 
found that the (111) surface is the most stable facet by creating a partial inverse spinel 
arrangement. [10] In addition to surface stability, different surface orientations of the 
electrode have also been shown to have an effect on Mn dissolution. [11]. Spinel with the 
(111) plane exposed to the electrolyte solution suffers significantly less degradation than 
spinel with the (110) plane exposed to the electrolyte solution. [11] However, a clear 
explanation of the impact of surface orientation on manganese dissolution is still missing 
from the previous studies. Investigating the impact of surface orientation on Mn 
dissolution will broaden our understanding of Mn dissolution. 
Preventing or minimizing manganese dissolution is important to improve the 
performance of this material. Doping with elements that can be substituted by manganese 
ions is known to be an effective way to prevent manganese dissolution. Various metals, 
such as Al, Co, Cr, Cu, Fe, Mg, and Ni [12-24], were partially substituted by manganese 
to prevent the dissolution of manganese. Previous studies have found that the 
introduction of cations with low oxidation number increases the oxidation state of Mn 
ions. [25-27] When the oxidation number of the Mn ions in the LiMn2O4 spinel increases, 
the overall concentration of Mn
3+
 ions decreases. This phenomenon seems to prevent the 
Jahn-Teller distortion and disproportionation reactions of unstable Mn
3+
 ions by reducing 
the concentration of Mn
3+
 ions; this eventually reduces Mn dissolution. Techniques like 
this have significant success when all of the Mn on the cathode surface is tetravalent [28]. 
Alternatively, one can also create a nonstoichiometric spinel in which Mn ions are 
replaced by Li (i.e. Li1+δMn2-δO4). This has the same effect of increasing the overall Mn 
valence. This method has also been shown to increase stability in the higher voltage 
region [29].  However, doping with other metal ions, such as Y
3+
 [30, 31], showed 
behavior that was the opposite of that seen with other elements.  Although doping with 
yttrium can electrochemically activate manganese to increase its specific capacity, it also 
promotes dissolution of manganese into the electrolyte. [30] Apparently, doping the 
structure with elements of low oxidation number is not the only technique that can be 
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used to decrease Mn dissolution. Kim et al. claimed that Mn dissolution is also strongly 
correlated with the covalent nature of the Mn-O bond [32].  To further understand why 
doping with certain elements decreases manganese dissolution, a detailed analysis of the 
electrode‘s electronic properties in the presence of different doping elements should be 
investigated.  
In summary, the current research investigates the effect of surface orientation and 
doping on the dissolution of Mn ions from LiMn2O4 structures using first-principle 
calculations. The aim of our current research is to understand why certain surface 
orientations and element dopings more effectively prevent manganese dissolution. By 
calculating the electronic and bonding properties of electrodes with different surfaces and 
dopings, manganese dissolution mechanisms and their prevention can be more fully 
understood. Specifically, this study conducts a thorough investigation of the changes in 
surface stability, manganese oxidation state, enthalpy of formation (EOF) of manganese 
vacancies, electronic properties and bonding properties of electrodes with different 
surface orientations and element dopings.  The calculation results are then validated and 
compared with previous calculations and experimental results.  
 
5.1 Methods 
First-principle electronic structure calculations were performed within the generalized 
gradient approximation (Perdew-Wang 91 parameterization of the exchange correlation 
potential) plus U (GGA +U) implementation of density functional theory. The Vienna ab 
initio simulation package [33] plane-wave pseudopotential code was used with the 
projected augmented wave (PAW) method. A plain cutoff energy of 600 eV was used in 
this study to ensure good convergence during cell parameter relaxations. A U value of 
4.84 eV was chosen for the Mn atoms. 
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 Surface structure of LiMn2O4 5.1.1
Benedek et al. [9]  adopted low-index surface terminations to simulate the surface 
structure in their LiMn2O4 model.  In this study, a similar approach was used to create a 
LiMn2O4 surface structure model. Three LiMn2O4 surface models with different 
orientations [(001), (110) and (111)] were constructed. Given the variety of terminations 
that are possible, we only considered the common features of LiMn2O4 surfaces with low 
index numbers. Within each orientation of the surface, different terminations of atoms on 
the surface are also possible. For instance, the (110) orientation of the LiMn2O4 structure 
has 2 different planes, which consist of a MnO2 slab and a LiMnO2 slab, occupied in turn. 
Therefore, two different terminations are available in the (110) orientation.  The energy 
required to break the bond from each MnO2 and LiMnO2 termination should be different 
because they have different atoms and because bonds are present near them. Similarly, 
we adopted Mn4O8 and Li2 terminations in the (001) orientation and Mn, Mn3 and O4 
terminations of the (111) orientation. By considering different surface atom terminations, 
a total 7 LiMn2O4 surface slab models were built in this study. Ideal stoichiometry was 
maintained by transferring atoms from one surface of the slab to the opposite surface. A 
vacuum slab was placed on the both sides of the LiMn2O4 slab structure for the 
relaxations. 
In addition to different surface orientations and terminations, the ferromagnetic 
(FM) and antiferromagnetic (AFM) orderings of manganese atoms were also considered. 
There are two possible magnetic orderings to achieve anti-ferromagnetism within the 
spinel manganese oxides [34]: AFM ordering with (001) and (110) directions. The AFM 
arrangement with (110) direction was adopted in this work because it has been reported 
that the AFM ordering of (110) direction has slightly lower energy than AFM ordering of 
(001) direction.  
 
 Element (Co, Cu, Cr, Fe, Mg Ni and Sn) Doping on LiMn2O4 5.1.2
Figure 5.1 shows the element-doped LiMn2O4 structure with (001) surface 
orientation. Doping elements (Co, Cu, Cr, Fe, Mg, Ni and Sn) replaced Mn atoms 
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between other two Mn atoms. The changes in electronic and bonding properties of the 
Mn atoms were investigated by placing different doping elements between them. The 
LiM0.25Mn1.75O4 stoichiometry of the doped structure was maintained. In this study, 
changes in average intercalation voltage, oxidation state of manganese, and bonding 
properties due to doping with different elements (Co, Cu, Cr, Fe, Mg, Ni and Sn) were 
investigated using first-principle calculations.  
 
Figure 5.1 element (M= Co, Cu, Cr, Fe, Mg, Ni and Sn) doped-LiMn2O4 structure with 
(001) surface orientation  
 
5.2 Results 
 Surface orientations/terminations of LiMn2O4 5.2.1
5.2.1.1 Surface energy change with different orientations 
The surface energy quantifies the breakdown energy of molecular bonds in the 
cleaved materials. The surface energy can also be defined as the additional energy 
generated at the surface of a material compared with that of the bulk material when 
surfaces are newly generated. Accordingly, surface structures with smaller surface 
energies are more stable. Thus, the relative stabilities of surfaces with different 
orientations and structures can be derived by comparing the differences in their surface 
energies.  The surface energy σ, can be computed as 
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[ ]
2
slab bulkE NE
A


   (5.1) 
where Eslab is the energy of the slab supercell, Ebulk is the bulk energy per atom, N is the 
number of atoms and A is the cleavage area of the slab structure.  
The surface energies of different orientations/terminations of LiMn2O4 slab model 
was calculated using equation (5.1). Table 5.1 shows the surface energies of different 
orientations and terminations in both the FM and AFM slab structures after relaxation. 
The surface energy of the each slab structure can be used as a measure of its relative 
stability, which determines the probable form of structures within the same orientation. 
For example, lithium terminations in the (001) structure will be a more likely structure 
than manganese or oxygen terminations because its surface energy is critically lower than 
that of the other terminations.  Among the 7 different surface terminations and 
orientations, the surface structures of (001)_Li2, (110)_M4O8, and (111)_Mn have the 
smallest surface energy within the same orientations for both FM and AFM structures.   
The surface energies of the different surface structures are similar to those 
reported in the literature [9], except for the (111)_Mn3 structure, as shown in Table 5.1. 
The surface energy of the (111)_Mn3 structure is dramatically changed compared with 
those of the other structures. Discrepancies between the literature values and the results 
of our calculation of the (111) surface energy probably come from the surface 
reconstruction that occurs during relaxations. Our calculations show an intensive 
reconstruction of the (111) surface during relaxations. These results are consistent with 
previous findings that Mn-terminated (111) surfaces experience surface reconstruction 
during relaxations [9, 10].  Benedek et al. [9] found that the Mn-terminated (111) surface 
structures undergoes extensive migration of Li and O atom from the bulk to the surface, 
as well as stoichiometric mixing of the Li, Mn and O components. Karim et al. [10]  also 
studied the reconstruction of (111) orientations with relatively high surface energy; they 
claimed that reconstruction is an indication of the inherent instability of the (111) surface. 
Karim et al. [10]  also found that the (111) surface becomes more stable when employing 
local cation inversion at the (111) surface. In this work, surface reconstructions were also 
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found in (111) surfaces with relatively high surface energy. However, the surface energy 
is higher than those from previous reports, displayed in Table 5.1. Due to intensive 
reconstruction, the final relaxation structures and their corresponding energy states might 
be changed during relaxations. Smearing methods, width of smearing, and other 
computational methods may influence the final relaxation structures and their 
corresponding energy states. 
The surface energies of LiMn2O4 structures with FM and AFM ordering are also 
similar, except for surface structures with (111) orientations. The reconstruction of (111) 
surfaces results in surface energies for surfaces with FM ordering that are different than 
those of surfaces with AFM ordering, after relaxation. The spin configuration of the 
surface structure may influence the surface energy of each of the terminations and 
orientations, which results in differences in surface energy between FM and AFM 
structures.  
 
5.2.1.2 Changes in formation energy of manganese vacancy with different orientation 
(Mn) 
The manganese vacancy formation energies of were calculated using the LiMn2O4 
surface slab model with different orientations/terminations. Different terminations of the 
LiMn2O4 structure have different atoms present on the surface. The energy required to 
break a bond from each termination should be different because they have different 
numbers of atoms and because bonds are present near them. The energy needed for 
manganese atoms to break free from the structure can be calculated using the manganese 
vacancy formation energy, as described in equation (5.2): 
 
2 4 2 4
1
( [ ] [ ])F N N M N MnE E Li Mn O NE LiMn O
m
      (5.2) 
where EF is the manganese vacancy formation energy, N is the number of chemical 
formulas in the system, M is the manganese deficiency number and μMn is the chemical 
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potential of manganese. The nearest Mn atom was terminated in order to calculate the 
minimum energy caused by the vacancy of a manganese atom.  
 
 
Surface 
structure 
Surface energy of 
Ferromagnetic 
Ordering (J/m
2
) 
Literature value of 
surface energy for 
Ferromagnetic 
ordering ([9],[10]) 
(J/m
2
) 
Surface energy of 
Antiferromagnetic 
ordering (J/m
2
) 
(001)_Li2 0.554 0.58, 0.87 0.601 
(001)_Mn4O8 1.199 0.98,1.28 1.229 
(110)_LiMnO2 1.233 0.99,1.39 1.248 
(110)_MnO2 1.162 1.19,1.52 1.155 
(111)_Mn 0.834 0.85,N/A 0.898 
(111)_Mn3 1.682 1.29,1.18 1.625 
(111)_O4 1.201 1.30,N/A 1.537 
Table 5.1 Surface energy of different surface structures of LiMn2O4 in AFM and FM 
ordering 
 
 
 
 
Formation energy of manganese 
vacancy with Ferromagnetic 
ordering(eV) 
Formation energy of manganese 
vacancy with Antiferromagnetic 
ordering(eV) 
Surface structure not relaxed relaxed not relaxed relaxed 
(001)_Li2 13.399 13.507 13.38 14.006 
(001)_Mn4O8 9.448 15.013 9.175 10.233 
(110)_LiMnO2 9.033 12.047 10.628 9.185 
(110)_MnO2 12.657 6.612 13.470 5.161309 
(111)_Mn 8.377 8.578 8.392 8.290 
(111)_Mn3 2.630 8.0547 11.592 9.162 
(111)_O4 11.261 10.565 10.565 11.185 
Table 5.2 Formation energy of manganese vacancy with different surface structures of 
LiMn2O4 with AFM and FM ordering 
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The formation energies and electronic structures of defects in oxygen-deficient 
LiMn2O4 were previously investigated to determine the preferred defect types in 
LiMn2O4 structures. [35] Simple oxygen vacancies in the LiMn2O4 structure were found 
to exhibit the lowest formation energy among the oxygen-vacancy-type defects. Similarly, 
the formation energies of simple Mn vacancies in LiMn2O4 with different surface 
structures were investigated in this study. 
By comparing the manganese vacancy formation energies of different surface 
orientations, the orientation/termination that is more likely to contribute to manganese 
dissolution by a breaking bond from the structure can be determined. Table 5.2 shows the 
manganese vacancy formation energies of LiMn2O4 with AFM and FM ordering having 
different surface structures. To compare the different manganese vacancy formation 
energies within the different orientations, the smallest surface energy within the same 
orientations was chosen to compare with the others. From previous surface energy 
calculations, the surface structures of (001)_Li2, (110)_M4O8, and (111)_Mn have the 
smallest surface energy in the same orientations for both FM and AFM structure among 
the 7 different surface terminations and orientations.  
Among FM surface structures, the manganese vacancy formation energies of 
(001)_Li2, (110)_M4O8, and (111)_Mn are 13.5 eV, 6.61 eV and 8.57 eV, respectively. 
Among AFM surface structures, the manganese vacancy formation energies of (001)_Li2, 
(110)_M4O8, and (111)_Mn are 14.0 eV, 5.16 eV and 8.29 eV, respectively. Among the 
three different orientations, the manganese vacancy formation energies of the surface 
structures with FM ordering had values similar to those with AFM ordering. The (110) 
surface orientation has the smallest manganese vacancy formation energy, whereas the 
(001) surface has the largest. This result is consistent with the previous TEM results [11] 
that LiMn2O4 with the (111) plane exposed to the electrolyte suffers significantly less 
degradation than LiMn2O4 with the (110) plane exposed to the electrolyte.  
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5.2.1.3 Bond length change due to different surface orientations 
To understand why certain orientations have smaller dissolution effects and smaller 
manganese vacancy formation energies, the bonding properties among different surface 
orientation/terminations were investigated. The number of Mn-O bonds near the 
manganese atom and the bond lengths of Mn-O bonds change with different surface 
orientations and different terminations of the structure. In general, the length and strength 
of the bond are inversely proportional with each other. If bond length decreases, the 
energy required to break the bond increases. Moreover, if there are additional bonds near 
the atom, the energy required to break the Mn-O bond also increases. There are different 
numbers of bonds near the manganese atoms with different terminations and orientations 
among LiMn2O4 samples with different surface structures. Moreover, the bond lengths 
near the manganese atom are uniquely determined by the atom‘s surroundings and the 
structure during relaxation. Thus, number of Mn-O bonds and their bond lengths will be 
uniquely determined by the surface orientation/terminations. The numbers of Mn-O 
bonds, the average Mn-O bond lengths, and the manganese vacancy formation energies 
of surfaces with FM and AFM ordering can be found in Table 5.3 and Table 5.4, 
respectively. 
To understand the relationship among manganese vacancy formation energy, bond 
length, and the number of Mn-O bonds near the manganese atoms in the surface 
structures, these properties are plotted separately. Figure 5.2 and Figure 5.3 show the 
relationship among manganese vacancy formation energy, bond length and the number of 
Mn-O bonds near the manganese atoms in the surface structures with FM and AFM 
ordering, respectively. At a glance, it seems that there is no conspicuous relationship 
among the number of bonds, bond length and manganese vacancy formation energy. 
However, a larger number of Mn-O bonds correlates with higher manganese vacancy 
formation energy. Moreover, if we compare the manganese vacancy formation energy 
and bond length in cases containing the same number of bonds, they are inversely 
proportional to each other. For example, the (001)_Li2 structure has the highest 
manganese vacancy formation energy, since the manganese atom has five Mn-O bonds in 
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its vicinity. Surface structures with 4 Mn-O bonds near the manganese atom have smaller 
manganese vacancy formation energies than surface structures with 5 Mn-O bonds, but 
higher manganese vacancy formation energies than structures with 3 Mn-O bonds. 
Among the surface structures with 4 Mn-O bonds, the average bond length near the Mn 
atom is inversely proportional to the manganese vacancy formation energy. The 
(111)_Mn3 structure is an outlier among the surface structures. If it followed the trend, it 
should have either a larger bond length or smaller manganese vacancy formation energy. 
The reason for this result comes mainly from surface reconstruction that occurs during 
relaxation of the (111) structure. Without this exception, the manganese vacancy 
formation energy seems to be be determined by the number of bonds near the manganese 
atom and the bond length of each of the Mn-O bonds.  
AFM surface structures show a similar trend with different numbers of bonds. Those 
structures with a larger number of Mn-O bonds near the surface have higher manganese 
vacancy formation energies, as shown in Figure 5.3. However, the relationship between 
the bond length and the manganese vacancy formation energy is not as clear as that seen 
with the FM structures. This is due to the different spin configurations of nearby Mn 
atoms. The differences in spin configuration affect the Mn-O bond length, which affects 
the manganese vacancy formation energy. From these results, it can be concluded that the 
manganese vacancy formation energy changes with different surface orientations and that 
this change is caused by differing numbers of Mn-O bonds near the Mn atom and the 
bond length of each bond.  
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Surface structure # of Mn-0 bonds 
Average Mn-0 bond 
length(A) 
Formation energy of 
Mn vacancy(eV) 
(001)_Li2 5 1.879 15.013 
(001)_Mn4O8 4 1.679 13.507 
(110)_LiMnO2 4 2.002 12.047 
(110)_MnO2 3 1.960 6.612 
(111)_Mn 3 2.192 8.578 
(111)_Mn3 3 1.868 8.0547 
(111)_O4 4 2.344 10.565 
Table 5.3 The number of Mn-O bonds, average Mn-O bond length and formation energy 
of manganese vacancy on the surface with ferromagnetic ordering 
 
 
Surface structure # of Mn-0 bonds 
Mn-0 bond 
length(A) 
Energy of Mn 
vacancy(eV) 
(001)_Li2 5 1.869 14.006 
(001)_Mn4O8 4 1.667 10.233 
(110)_LiMnO2 4 2.008 9.185 
(110)_MnO2 3 2.225 5.161 
(111)_Mn 3 2.048 8.290 
(111)_Mn3 3 1.660 9.162 
(111)_O4 4 2.114 11.185 
Table 5.4 The number of Mn-O bonds, average Mn-O bond length and formation energy 
of manganese vacancy on the surface with anti-ferromagnetic ordering 
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5.2.1.4 DOS calculation , distribution with different orientations  
To understand the effect of surface orientation on manganese dissolution, first-
principle calculation methods were used to calculate the electronic properties of the 
surfaces. Previous studies have reported that the oxidation state of the manganese ions 
influences manganese dissolution. [25-27, 32] The oxidation state of manganese is 
closely related to the number of electrons in the d-orbitals, which consist of the eg and t2g 
orbitals. The eg orbital consists of the dx2-y2 and dz2 orbitals and the t2g orbital consists of 
the dxy, dxz, and dyz orbitals.  Generally, it is assumed that only 3 electrons inhabit the t2g 
level in the electronic configuration of an ideal high-spin Mn
4+
 ion. The electronic 
configuration of an ideal high-spin Mn
3+
 ion is assumed to have only 3 electrons in the t2g 
orbital and one electron in the eg orbital. If only one electron is placed in the eg orbital, 
that electron is placed in either the dx2-y2 or the dz2 orbital. Due to the presence of the 
electron, the degeneracy of the two orbitals breaks down, decreasing the geometric 
stability and leading to Jahn-Teller distortion. Due to this instability, avoiding the Mn
3+
 
state of manganese prevents Jahn-teller distortion, resulting in reduced Mn dissolution. 
[25-27].  
To observe the electronic properties and the oxidation state of the manganese atom, the 
projected density of state (PDOS) of a manganese atom on the surface was investigated. 
Comparisons of the PDOSs of Mn atoms in (001)_Li2, (110)_Mn4O8, and (111)_Mn 
surface structures can be found in Figure 5.4 through Figure 5.7. The ―+‖ and the ―-
― signs in these Figures indicate the up and down spin directions of the manganese atoms. 
Since the oxidation state of the manganese is determined by the d-orbital state with 
highest energy, only energy changes from -10 to +10 eV are extracted. 
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Figure 5.2 Relationship among the number of Mn-O bonds, average Mn-O bond length 
and formation energy of manganese vacancy on the surface with ferromagnetic ordering 
 
Figure 5.3 Relationship among the number of Mn-O bonds, average Mn-O bond length 
and formation energy of manganese vacancy on the surface with anti-ferromagnetic 
ordering 
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Figure 5.4 Comparisons of t2g orbital in Mn projected DOS among (001)_Li2 , 
(110)_Mn4O8, and (111)_Mn  surface structures 
Figure 5.4 compares the complete t2g orbitals of the manganese atoms on the surfaces 
of three different surface structures. From these results, it can be seen that the up-spin t2g 
level is fully filled with electrons because it is below the Fermi energy level. Since the t2g 
orbitals are completely filled with electrons whether the manganese atom has an 
oxidation number of 3 or 4, the t2g orbitals of different surface structures are not 
significantly different among them. However, the eg orbitals from the three different 
surface structures show different patterns than the t2g orbitals, as shown in Figure 5.5. 
The DOS of the high state eg orbitals in the up-spin have splits near the Fermi level with 
different surface structures. The (001)_Li2 structure has a peak at the highest energy (near 
3 eV) and the (110)_M4O8 structure has a peak at the lowest energy state (<-1 eV) among 
the highest energy peaks. As the energy state of the eg orbital increases above 0 eV, it 
will become harder to fill the eg orbital with electrons. This means that increasing the 
energy state of the eg orbital increases the possibility of the existence of a Mn
4+
 state, 
which will be beneficial for preventing Mn dissolution.   
To further investigate the state of the eg orbital, the DOSs of the dx2-y2 and dz2 
orbitals are plotted separately. Figure 5.6 and Figure 5.7 show the projected DOSs of the 
dx2-y2 and dz2 orbitals of the manganese atom. As seen in Figure 5.6, there are no 
significant differences among the dx2-y2 orbitals found in different structures. However, 
the dz2 orbitals found in different structures show dramatic changes in up-spin states. The 
DOS changes in the dz2 orbital come from Jahn-Teller distortions related to elongation. 
When a molecule possesses a degenerate electronic ground state, it will distort its 
structure to remove degeneracy and form a lower energy state. Elongation and 
compression are two ways to remove the degeneracy. When elongation occurs, the axial 
bond length increases and degeneracy is broken by the stabilization of the d orbitals with 
a z component. The energies of the d orbitals with a z component (dz2) decrease while the 
energies of the d orbitals without a z component (dx2-y2) increase. On the other hand, 
when compression occurs, the axial bond length decreases and the degeneracy is broken 
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by the stabilization of d orbitals without a z component. The energies of d orbitals 
without a z component (dx2-y2) decrease while the energies of d orbitals with a z 
component (dz2) increase. From the results of our calculations, it can be seen that the 
energy of only the dx2-y2 orbital increases in all three surface structures. This means that a 
Jahn-teller distortion related to elongation is present in the surface manganese atom.  
The changes in the DOS peak energy state are different among the three different 
structures. The (001)_Li2 structure shows a DOS peak at a higher energy state in the up-
spin state. In contrast, the (110)_Mn4O8 structure has a DOS peak at the smallest energy 
state in the up-spin state, as shown in Figure 5.6. The relative position of the Mn 3d 
levels is shifted to a high-energy region in the (001)_Li2 structure. Since the relative peak 
position of Mn 3d level in (001)_Li2 is shifted to the right, above the Fermi level, more 
energy is needed for an electron to fill the eg orbital. This implies that more energy is 
needed to achieve the 3+ oxidation state of manganese. Thus, the (001)_Li2 surface 
structure has the lowest possibility to be in the 3+ oxidation state and the (110)_Mn4O8 
structure has the highest possibility to be in the 3+ oxidation state. These results agree 
with previous calculations of the manganese vacancy formation energy, which indicate 
that the (110) orientation is the most vulnerable and the (001) orientation is the least 
vulnerable to Mn dissolution.  
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Figure 5.4 Comparisons of t2g orbital in Mn projected DOS among (001)_Li2 , 
(110)_Mn4O8, and (111)_Mn  surface structures 
 
Figure 5.5 Comparisons of eg orbital in Mn projected DOS among (001)_Li2 , 
(110)_Mn4O8, and (111)_Mn surface structures 
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Figure 5.6 Comparisons of dz2 state in eg orbital in Mn projected DOS among (001)_Li2 , 
(110)_Mn4O8, and (111)_Mn surface structures 
 
Figure 5.7 Comparisons of dx2-y2 state in eg orbital in Mn projected DOS among 
(001)_Li2 , (110)_Mn4O8, and (111)_Mn surface structures 
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 Element (Co, Cu, Cr, Fe, Mg Ni and Sn) Doping on LiMn2O4 5.2.2
 
To validate the results of our calculations of the structures of element-doped 
LiMn2O4s, the average intercalation voltages were calculated after doping with different 
elements. The average intercalation voltage was calculated from changes in the Gibbs 
free energy of lithiated and delithiated LiMn2O4 structures, as shown in Equation (5.3): 
 2 4 n
[( ) ] [( ) ( 2 4) ]
( )n z
G LiMn O G Li Mn O n
V Li
zF


     (5.3) 
where G stands for the Gibbs free energy, n is the number of chemical formulas in the 
system, z is the amount of lithium extracted from the structure, and   is the reference 
chemical potential of the system. The total energies of the fully lithiated and de-lithiated 
structures were calculated, and then the average intercalation voltages were predicted. 
Table 5.5 shows the average intercalation voltages for the LiM0.5Mn1.5O4 to M0.5Mn1.5O4 
transition (M= Mn, Co, Cr, Cu, Fe, Mg, Ni and Sn) taken from references [12, 14-20, 36-
40], from experiments [12, 15, 37, 39, 40] and from the calculations performed in this 
work. The results clearly show that the values calculated in this work are within the range 
of those in the references and similar to those taken from experimental results. Since it is 
more beneficial to operate a battery in the higher voltage region, most doping elements, 
except for Sn, were favorable in terms of intercalation voltage.  
 
5.2.2.1 Energy change associated with different doping elements 
Figure 5.8 shows the average changes in the EOF per atom that result from doping the 
system with different elements. A positive change in the EOF means that the total energy 
of the system is increased (endothermic). Conversely, a negative change in the EOF 
represents a decrease in the total energy (exothermic). These endothermic and exothermic 
changes that result from doping can be attributed to lattice distortions related to ionic 
radius differences and vacancy formation [41]. From the results of our calculations, 
doping with Co, Cr, Fe, and Ni show an increase in the overall energy state of the total 
DOS, whereas doping with Cu, Mg, and Sn show a decrease in the overall energy state. 
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The EOF tends to increase as the doping element moves from left to right in the periodic 
table (Cr, Mn, Fe, Co, Ni and Cu). Table 5.6 shows the changes in EOF per atom and the 
electronegativities of the transition metal elements. As the atomic number increases, the 
EOF increases (Cr, Mn, Fe, Co, Ni and Cu). This result is similar to the increasing trend 
in the electronegativity of the transition metal elements. Since electronegativity is a 
function of the atom‘s ionization energy and a positive ionization energy shows 
endothermic behavior in our system, the increasing trend of the EOF is quite consistent 
with the increasing trend of the electronegativities. However, doping with Mg or Sn did 
not follow any specific trend in EOF.  
  
 
Doping 
elements Reference 
Experiment 
results 
Calculations in 
this work 
No 
doping 
3.78~4.05V 
[12, 14, 16, 17, 19, 36] 
4V [12] 4.01 
Co 
3.9~4.2V 
[17, 37] 
4.2 V [37] 4.06 
Cr 
4.04~4.5V 
[17, 19, 20, 38] 
4.5 V [39] 4.11 
Cu 
4.15~4.56V 
[18, 20, 39] 
4.45 V [39] 4.50 
Fe 
3.8~4.28V 
[17, 19, 40] 
4 V [40] 4.24 
Ni 
4.12~4.8V 
[15, 17, 39] 
4.35 V [15] 4.25 
Mg N/A N/A 4.79 
Sn N/A N/A 3.82 
Table 5.5 Average intercalation voltage from LiM0.5Mn1.5O4 to M0.5Mn1.5O4 (M= Mn, Co, 
Cr, Cu, Fe, Mg, Ni and Sn) in references [12, 14-20, 36-40], experiments [12, 15, 37, 39, 
40] and calculated values 
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Figure 5.8 Change of enthalpy of formation energy per atom due to different doping 
elements 
 
atom 
Atomic 
number 
change of EOF 
per atom(eV) 
electronegativity(allen 
scale) 
Cr 24 -2.619 1.65 
Mn 25 0 1.75 
Fe 26 1.315 1.8 
Co 27 3.956 1.84 
Ni 28 5.547 1.88 
Cu 29 7.496 1.85 
Table 5.6 Changes of EOF per atom and electronegativity in transition metal elements  
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5.2.2.2 DOS calculation , distribution with different doping elements 
 
To observe the effect of doping on the electronic properties of LiMn2O4 structures, 
the total DOS was investigated after doping with different elements. Figure 5.9 shows the 
total DOS of LiMn2O4 with and without Co doping. The shape of the total DOS diagram 
is shifted to higher energy states, especially in the higher energy region. In contrast, the 
total density of states of LiMn2O4 with Sn doping and Cr doping are shifted to lower 
energy states, as shown in Figure 5.10 and Figure 5.11, respectively. From our 
calculations, the overall trend of the total DOS is the same as the trend of EOF, as shown 
in Figure 5.8. Our calculations of DOS changes with transition metal elements are 
consistent with those in the literature [17, 18], which also showed that doping with 
transition metal elements changes the overall energy state of the DOS. Our results are 
also similar to those of previous reports [17, 18], which found that the electronegativity 
of the transition metal ion affects the changes in DOS.  
To investigate changes in the oxidation state and electronic properties of Mn ions in 
the LiMn2O4 structure, the projected DOSs of Mn atoms with different doping elements 
were investigated. Figure 5.12 compares the projected DOSs of Mn atoms in LiMn2O4s 
with Cr doping, Cu doping, or no doping. It can be seen that doping with elemental Cu 
shifted the overall PDOS of the Mn atom to a higher energy level. As seen with the 
effects of orientation, a shift to the higher energy region makes it more difficult to fill the 
orbitals with electrons to create Mn
3+
 ions in the structure. This means that doping with 
Cu is an effective way to increase the oxidation state of manganese. However, doping 
with Cr shows the opposite behavior, compared with Cu doping, in the DOS state.  Figure 
5.12 shows that doping with Cr shifts the overall PDOS of the Mn atom to a lower energy 
level. Projecting the DOS of the Mn atom in the Cr-doped structure gave results that were 
opposite of the predictions that doping with metals of low oxidation number will increase 
the overall energy state to higher level. It seems the electronegativity of the transition 
metal element might be more related to the PDOS of the Mn atom than the oxidation 
number of the doping element. Doping with a transition metal element of higher 
electronegativity shows larger energy shift in the PDOS of the Mn atom. 
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On the other hand, Figure 5.13 shows the comparisons between projected DOS of the 
Mn atom in the LiMn2O4 structure with Mg doping, Sn doping, or no doping. Figure 5.13 
shows that doping with either Mg or Sn increased the up-spin state below the Fermi level, 
whereas doping decreased the down-spin state above the Fermi level. These two PDOSs 
of the Mn atom in the Mg and Sn-doped structures do not show different trends, even 
though Mg and Sn have different oxidation numbers. Similarly, the DOS state of the Mn 
ion may not be directly related to the oxidation states of these two elements.  
 
 
 
 
 
 
Figure 5.9 total DOS of LiMn2O4 structure with Co doping and without doping 
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Figure 5.10 total DOS of LiMn2O4 structure with Sn doping and without doping 
 
Figure 5.11 total DOS of LiMn2O4 structure with Cr doping and without doping 
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Figure 5.12 projected DOS of Mn atom of LiMn2O4 structure with Cr, Cu doping and 
without doping 
 
Figure 5.13 projected DOS of Mn atom of LiMn2O4 structure with Mg, Sn doping and 
without doping 
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5.2.2.3 COHP (Crystal Orbital Hamiltonian Population) analysis 
 
To further expand our understanding of the electronic and bonding properties of Mn, 
the COHP (Crystal Orbital Hamiltonian Population) of Mn in structures with different 
dopings were investigated. A COHP diagram gives information regarding bonding, anti-
bonding, and non-bonding energy regions within a specified energy range. COHP divides 
the band-structure energy into the sum of orbital interactions [42-44]. If there are bonding 
contributions, the system energy is lowered, and the COHP has a negative value. 
Conversely, if there are anti-bonding contributions, the COHP has a positive value. 
Figure 5.14, Figure 5.15, and Figure 5.16 compare the COHP diagram of the manganese 
atom in a LiMn2O4 structure without doping to those doped with Cu, Sn, or Mg. The x-
axis of the diagram indicates the negative value of the COHP. This means that values in 
the figure that are >0 indicate a bonding state and negative values of –COHP indicate an 
anti-bonding state of the Mn atom. The zero energy state of the diagram is adjusted to the 
Fermi energy.  
When we compare the bonding state below the Fermi level (when all the electrons 
are filled in the atom), the Mn atom with Cu doping shows more bonding state and less 
anti-bonding state than the Mn atom without doping, as shown in Figure 5.14.  This result 
is the exact opposite of the results displayed by the Mn atom with Sn doping, which 
shows less bonding state and more anti-bonding state of the Mn atom, as shown in Figure 
5.15. A state showing more covalent bonding and less anti-bonding increases the 
covalency of the Mn-O bonds, which reduces Mn dissolution. At higher temperatures, a 
number of electrons become activated over the Fermi level. A sharp peak of positive 
(anti-bonding) COHP appears in the lower energy above the Fermi level in the Mn atom 
with Sn doping. If an anti-bonding state dominates above the Fermi level, electronic 
instability it is expected to be increased. However, the positive peak (anti-bonding) of the 
COHP decreases in the Mn atom with Cu doping. This result indicates that doping with 
Sn ions is likely to decrease stability at higher temperature, which will aggravate Mn 
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dissolution. Doping with Mg ions results in a state with more covalent bonding and less 
anti-bonding as shown in Figure 5.16. Although overall energy state is decreased after 
doping with Mg, as seen with Sn doping, there are more COHP in the stable energy state 
(low energy state near -20 eV) than without doping. These results also indicate that 
doping with Mg is beneficial for preventing Mn dissolution. 
To compare the bonding characteristics with different doping elements 
numerically, total integrations of the COHPs with different doping elements were 
performed. Table 5.7 shows the values of the total integrals of the COHPs with different 
dopings, with respect to the energy where all the electrons are filled in manganese atom. 
Energy integration of the COHP represents a chemical bond to the distribution of specific 
atom energies. [42] These results show that doping with Co, Cr, Cu, Fe, Mg and Ni 
increase the bonding state of the Mn-O bond. However, doping with Sn increased the 
anti-bonding state. These results are consistent with experimental results from the 
literature, which showed that doping with Sn increases Mn dissolution whereas doping 
with other elements decreases Mn dissolution. From the COHP analysis, element doping 
was beneficial to increase the Mn-O bonding state in the order of Mg, Ni, Co, Fe, Cr and 
Cu below the Fermi energy level. However, these elements also affect the oxidation state 
of Mn in LiMn2O4 structure at higher temperature. For instance, Mg- doped LiMn2O4 
structure have more Mn
3+
 oxidation state at higher temperature because DOS of eg orbital 
above Fermi energy will decrease to the lower energy region.  Although Mg doping will 
increase the bonding state of Mn-O bonds, high temperature will increase the Mn
3+
 
oxidation state which will increase the instability of the structure. 
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Figure 5.14 COHP diagram of manganese atom of LiMn2O4 structure with Cu doping and 
with doping 
 
 
Figure 5.15 COHP diagram of manganese atom of LiMn2O4 structure with Sn doping and 
with doping 
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Figure 5.16 COHP diagram of manganese atom of LiMn2O4 structure with Mg doping 
and with doping 
 
 
 
Doping 
element 
Integration of 
COHP(eF) change (%) 
no doping -1.3089 0 
Co -1.53937 17.60791504 
Cr -1.36651 4.401405761 
Cu -1.31086 0.14974406 
Fe -1.40853 7.611735045 
Mg -2.18478 66.91725877 
Ni -1.59129 21.57460463 
Sn -1.06316 -18.7745435 
Table 5.7 Integration of COHP value and changes with different doping elements 
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5.3 Conclusions 
The effect of surface orientations and doping on the dissolution of Mn ions from 
LiMn2O4 structures was investigated using first-principle calculations. Specifically, the 
changes in surface stability, manganese oxidation state, manganese vacancy EOF, 
electronic properties and bonding properties with different surface orientations and 
element doping were examined. To validate the model of the surface structure and doped 
structures of LiMn2O4, their surface energy and average intercalation voltage were 
compared with the results of several previous studies. 
Based on our results, surface orientations with a larger number of Mn-O bonds 
and smaller bond length require more energy to break the Mn-O bonds. The Mn vacancy 
formation energies showed that increasing energy is needed to break the Mn-O bond in 
the surface orientations (001), (111), and (110). These results agree with the PDOS of the 
Mn atom, which shows that the (001) surface has the lowest possibility to be in the 3+ 
oxidation state and the (110) surface has the highest possibility to be in the 3+ oxidation 
state. 
Changes in the electronic and bonding properties of Mn atoms due to different 
doping elements were investigated. Within the transition metal elements, a DOS analysis 
showed that the Mn ion PDOS is more related to the electronegativity of the doping 
element than the oxidation state of the doping element. However, doping with Mg and Sn 
does not show the specific trend with respect to changes in the Mn PDOS. To further 
investigate the electronic and bonding properties of the Mn atoms, a COHP analysis was 
conducted with different doping elements. Doping with Co, Cr, Cu, Fe, Mg and Ni 
increase the bonding state of the Mn-O bond, whereas doping with Sn decreases the 
bonding state. These results are consistent with the experimental results from previous 
literature, which showed that doping with Sn increases Mn dissolution whereas doping 
with other elements decreases Mn dissolution. From the COHP analysis, element doping 
was beneficial to increase the Mn-O bonding state in the order of Mg, Ni, Co, Fe, Cr and 
Cu below the Fermi energy level. However, these elements also affect the oxidation state 
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of Mn in LiMn2O4 structure at higher temperature. In order to understand overall 
transition metal dissolution, both bonding state and oxidation state should be considered. 
In conclusion, Mn dissolution from LiMn2O4 structures is strongly correlated with 
the electronic properties and bonding properties of the structure‘s Mn-O bonds. It is 
important to understand the electronic and bonding properties of these Mn-O bonds to 
prevent Mn dissolution. In addition, avoiding unstable Mn
3+ 
is important to prevent Jahn-
teller distortions and disproportionation reactions at higher energy states of the structure.  
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 CHAPTER 6
CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The current research aims to improve cycle and calendar life of Lithium-ion 
battery system by 1) investigating manganese dissolution and deposition mechanisms, 2) 
predicting cell degradations, 3) presenting optimized ratio for composite electrodes, and 4) 
presenting guidance to reduce manganese dissolution. To obtain the results, a number of 
experiments were conducted to understand degradation phenomena and to provide input 
parameters for simulations. Multi-scale simulations were implemented on both the cell 
scale and the atomistic scale level to predict the cycle life of systems and to investigate 
and prevent manganese dissolution, respectively. Moreover, comparisons between 
experiments and cell scale level simulations were conducted to gain an advanced 
understanding of degradation mechanisms and validate the modeling works. 
 The current study revealed that both active material loss and electrode 
degradation due to transition metal dissolution critically influence cell performance. 
Moreover, dissolved metal ions accelerate the formation of the decomposed layer on the 
anode surface and continuously cause capacity fade. These results suggest that reducing 
metal dissolution is necessary to improve capacity and cell performance. This dissertation 
presents effective solutions to reduce metal dissolution by optimizing composition ratio 
of composite cathode electrode and doping on to the electrode. 
The following is a brief summary of findings from each chapter. 
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In Chapter 2, a series of LiMn2O4 composite electrode degradations and their impact 
on cell performance were investigated in this study, which features unique improvements 
in both experiments and simulations. Specifically in this chapter, this study focused on 
cathode degradation in the cell. It included parameter changes of the cathode electrode 
due to manganese ions, along with key input parameters measured using different 
analytical techniques. It also featured an improved electrochemical model that considered 
both side reaction mechanisms and degradations of the electrode. The simulations and 
experiments showed that active material decreased 4% and capacity decreased 9 % after 
50 cycles due to side reactions. This result indicates that capacity decreased 
approximately 5% during 50 cycles as a result of changes in contact resistance, diffusion 
coefficient, and reaction rate coefficient due to degradations of cathode electrode. In 
conclusion, active material losses due to degradation mechanisms as well as parameter 
changes due to degradation of the electrode critically influence cell performance.  
Chapter 3 focuses on side reactions of the negative electrode. A thorough 
investigation of side reactions caused by dissolved manganese ions on graphite composite 
electrode was conducted based on complementary measurement techniques including CV, 
EIS, GCPL, ICP-OES, SEM and EDS. It is observed that the formation of the 
decomposed layer is accelerated by formation of reactive metallic manganese on the 
graphite surface and continuously causes capacity fade. Due to the higher reactivity of 
manganese on the surface, electrolyte reduction accelerates when the higher 
concentration of manganese in the electrolyte is added to the cell. Due to solvent 
reduction and SEI formation at initial cycle, charge capacity of the cell decreased 37% 
when adding 200ppm of manganese ions and only 17% when no manganese ions was 
injected. Moreover, the amount of lithium de-inserted from the graphite anode also 
increases due to manganese deposition. These processes also contribute to form thicker 
decomposed layers on the graphite surface and hinder the lithium transport process, 
which causes contact resistance and charge transfer resistance increase. After 20 cycles, 
about 15% of discharge capacity decreased when 200 ppm of manganese ions was added 
into the electrolyte. 
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Chapter 4 expands the focus of this research from LiMn2O4 materials to 
composite electrode by considering the effect of conductive additives and polymer binder. 
Numerical simulations were performed using updated simulation parameters with 
different composition ratio among active material, carbon black, and PVDF binder in 
LiMn2O4 composite electrode. At initial cycle, the simulation predicted that difference of 
the discharge capacity was up to 10% in the case of C/PVDF = 0.4 compared to the 
C/PVDF = 1. This difference is mainly originated from the difference in interfacial 
resistance among different samples. However, the capacity difference was narrowed to 8 % 
after 100 cycles due to the Mn dissolution. It is found that composition ratio among 
active material, carbon black, and PVDF binder in LiMn2O4 composite electrode is 
important factor that determines the battery performance. The composition ratio should 
be carefully considered and optimized to maximize the battery performance.  
Lastly, the effect of surface orientations and doping on the dissolution of Mn ions 
from LiMn2O4 structure using the first principle calculation was investigated in Chapter 5. 
Specifically in this chapter, investigations of the changes in surface stability, oxidation 
state of manganese, the enthalpy of formation (EOF) of manganese vacancy, electronic 
properties and bonding properties with different surface orientations and element doping 
were investigated in Chapter 5. The results suggest that surface orientations with a larger 
number of Mn-O bonds and smaller bond length require more energy to break the Mn-O 
bonds. The Mn vacancy formation energies showed that increasing energy is needed to 
break the Mn-O bond in the surface orientations (001), (111), and (110). These results are 
consistent with the PDOS of the Mn atom, which shows that the (001) surface has the 
lowest possibility to be in the 3+ oxidation state and the (110) surface has the highest 
possibility to be in the 3+ oxidation state. 
According to the COHP analysis, element doping was also beneficial to increase 
the Mn-O bonding state in the order of Mg, Ni, Co, Fe, Cr, and Cu below the Fermi 
energy level. Moreover, these elements also affect the oxidation state of Mn in LiMn2O4 
structure at higher temperature. Thus, it is suggested that Mn dissolution is strongly 
correlated with both electronic properties and bonding properties of Mn-O bonds. In 
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addition, avoiding unstable Mn
3+ 
is important to prevent Jahn-teller distortions and 
disproportionation reactions at higher energy state of the structure.  
6.2 Future Work 
This dissertation investigates the fundamental physics underlying degradation 
mechanisms and presents effective solutions for minimizing metal dissolution and 
improving battery cell performance. To advance the current work, future work needs to 
consider 1) modeling the current experiment findings to describe the cell behavior 
quantitatively, 2) improving our current modeling by including more key parameters and 
degradation phenomena, and 3) further exploring the applications of the method 
developed from the current research. The followings are some examples of the future 
work extended from the current work.  
 Modeling Side reactions due to Mn deposition and SEI layer interactions 6.2.1
In Chapter 3, a thorough investigation of both manganese (Mn) deposition onto 
graphite and its side reactions is conducted based on complementary techniques including 
CV, EIS, GCPL, ICP-OES, SEM and EDS. It is found that the formation of the 
decomposed layer is accelerated by formation of reactive metallic manganese on the 
graphite surface. Also, battery cell experience non-passivation of the film layer 
contaminated by manganese ions. To quantitatively describe the interaction between 
manganese deposition and SEI layer, modeling work will be performed in the future.  
 
 Optimizing current and Future composite electrode 6.2.2
Chapter 4 focused on the effect of active material, conductive additives and 
binder from LiMn2O4 composite electrode on capacity fade in terms of manganese 
dissolution, conductivity and binder effect. It is found that higher ratio of polymer binder 
to conductive additives increase the interfacial resistance by ion- blocking effect at higher 
binder contents in the electrode. Moreover, increase in carbon contents of the electrode 
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results in increase of dissolved manganese ions from the LiMn2O4 composite electrode. 
In addition to lower the specific capacity of the cell, inclusion of conductive additives 
and polymer binder also influence different properties and parameters of the battery 
performance. Therefore, there will be optimal ratio between active material, conductive 
additives and binder on the battery performance and battery health. By considering these 
effects affecting battery performance, optimal ratio between active material, carbon black 
and PVDF binder will be investigated to help understand and design battery system.  
 
 
